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Abstract 
Sewers, which dispose our wastes and serve to protect our health and environment, are an 
integral component of our transition to a more water sustainable society. Sewers have the 
capacity to generate large quantities of hydrogen sulfide gas which is toxic, odorous, and 
highly destructive to concrete sewer infrastructure. Its generation, transport and loss in 
sewers is highly dependent on hydraulics and wastewater quality. There is the risk that 
improper implementation of water sustainable practices and infrastructure could have 
consequences for sewer resilience by increasing hydrogen sulfide concentrations, 
potentially costing tens of billions of dollars in remedial costs annually in Australia. For 
sustainable water practices to be successful, the impacts to sewers must be understood and 
accounted for.  
 
This thesis set out to identify the sections of sewer networks most vulnerable to upstream 
changes in water use based on changes to hydrogen sulfide generation, oxidation and mass 
transfer in pressure mains and gravity sewers. Fully quantifying the overall impacts to sewer 
sulfide dynamics has remained a challenge since the transition towards water sustainability 
in municipalities remains a long term process that is still ongoing. As a result, field studies 
are practically difficult at the timescales required for the study period but adequately scaling 
the interactions between the physical, chemical and biological sewer processes for 
laboratory based bench top experiments is equally challenging. This study addressed the 
limitations faced by field and laboratory sewer studies by deploying a large scale sewer pilot 
system with over a kilometre of sewers that operated at field scale flows. In conjunction with 
analysis support from a well proven sewer transformation model, the effect of changes in 
hydraulics, wastewater quality and the integration decentralized treatment systems on 
sewer hydrogen sulfide were investigated and expended to determine potential impacts on 
network wide resilience. 
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Sulfide generation in pressure mains is highly dependent on the hydraulic conditions and 
the operational behaviour of the pumping system employed. The experimental investigation 
determined that reducing pumping frequency in pressure mains greatly decreased sulfide 
generation. Reductions from once every 30 minutes to once every 60 minutes decreased 
the average sulfide generation by 25±9%. The results provide a framework minimizing 
sulfide generation by optimizing pump timing, as well as, determining the consequences of 
reduced influent flows on effluent sulfide concentrations.   
 
Reductions in water consumption are also expected to result in more concentrated 
wastewater. An experimental and computational model-based assessment quantified the 
impact on sulfide generation and oxidation from water conservation based changes in 
sewage quality. The model predicted that hydrogen sulfide generation only exceeded 0.1 
mg S L-1 km-1 in pressure systems with low initial organic carbon concentrations. At 
concentration above 150-200 mg CODs L-1, further increases in organic carbon did not 
influence generation. In gravity mains, the largest detrimental impacts were limited to sewer 
sections with low slopes, low flows and high pre-existing concentrations of influent sulfide. 
In such cases, downstream dissolved sulfide concentrations increased by up to 0.35 mg S 
L-1.  
 
A systematic sewer design analysis was completed to quantify the combined effects of 
changes to wastewater hydraulics and wastewater quality on downstream hydrogen sulfide 
concentrations. In pressure mains, conservation based reductions in flows decreased the 
number of pumping events per day, and the daily mass of sulfide discharged, however 
effluent dissolved sulfide concentrations increased. The impact was greatest in smaller 
capacity stations. At 5 L sec-1 stations the sulfide discharge concentration increased by 
nearly 50% after a 40% reduction in daily flow. Gravity pipes receiving lower flows 
experienced more rapid sulfide depletion in both the liquid and gas phase. The beneficial 
impact was due to lower in-pipe wastewater volumes improving re-aeration. High slope, low 
capacity pipes experienced the greatest beneficial impacts from reduced flows. By 
employing multivariable regression, the entire modelled dataset was used to derive sets of 
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simplified empirical equations that provide the capacity to rapidly estimate changes in liquid 
phase and gas phase effluent sulfide concentrations in gravity and pressure mains.   
 
As part of the treatment process, decentralized treatment systems create wastes and sludge 
that can be disposed of through existing sewer infrastructure. The disposal of decentralized 
wastes in sewers is a concern if its contribution to the overall oxygen demand is sufficient to 
increase the prevalence of hydrogen sulfide in downstream infrastructure. Results confirmed 
that for sludge with an oxygen uptake rate of less than 3 mg DO g VSS-1min-1, the decrease 
to dissolved oxygen concentrations in sewage were insufficient to change sulfide dynamics 
in most gravity sewers. A downstream increase in dissolved sulfide of > 1 mg S L-1 was only 
predicted for gravity sewers with a high existing sulfide build-up of > 10 mg S L-1 and slopes 
of 0.001 m m-1 or less. 
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Chapter 1:  Introduction 
 
1.1 General background 
 
The development of modern sanitation infrastructure may be the single most important 
driver permitting urbanization and social development in recent history. Certainly, 
there is no doubt that the modern city could not exist without the extensive networks 
of buried pipes and drainage channels known as sewers. Human excreta has plagued 
human history with disease and pestilence, with waterborne diseases such as typhoid 
and cholera once accounting for more than one quarter of all infectious disease deaths 
prior to 1900 (Cosgrove 1909, Cutler and Miller 2005, Meeker 1971). Sewers provide 
one of the most effective methods of limiting harm and exposure from our own bodily 
wastes by transporting these disease containing waters away from population centres 
and later to treatment facilities (Cosgrove 1909). Their widespread implementation has 
since allowed cities to become more liveable and prosperous (Cutler and Miller 2005, 
Meeker 1971, Rose and Angelakis 2014).  
 
Modern sewer networks still mostly function as they have for millennia, with gravity 
driven pipes moving wastewater downslopes (Cosgrove 1909, Rose and Angelakis 
2014). Occasionally a more complex pump driven pipe will push wastewater back up 
gradient (Cosgrove 1909, Rose and Angelakis 2014). However, their simple 
appearance masks an intricate microbial ecology that thrives on our wastes. One of 
the by-products from the microbial activity that takes place in sewers is hydrogen 
sulfide (Thistlethwayte 1972a).  
 
Before hydrogen sulfide was even identified as an individual compound, its effects on 
health and its corrosive nature on metal was recognized and associated with sewers 
(Smith 2010). In today’s sewers, it remains desirable to limit the amount of sulfide 
generation both because of its high toxicity and because hydrogen sulfide is 
destructively corrosive to concrete and can significantly shorten sewer lifespans 
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(Sharma et al. 2008b, Thistlethwayte 1972a).  Modern sewer systems are vast and 
often far reaching and large cities such as Paris, New York City and Sydney have 
many thousands of kilometres of buried interconnected sewer pipes. Even small 
changes to a sewers lifespan can have major economic consequences (Imboden , 
Protection 2018, Water 2018). Concrete corrosion by hydrogen sulfide can reduce a 
sewers lifespans from decades to years so it should be no surprise that countries such 
as the United States, Germany and Australia report annual repair costs in the tens of 
billions of dollars per year (Jiang et al. 2014, Kaempfer and Berndt 1998, Koch et al. 
2002, Sydney et al. 1996). 
 
More recently, increasing water scarcity has begun to change how we use sewers. 
Municipalities face a future where they are unable to substantially increase their total 
available water supply or production capacity due to geographic constraints, 
infrastructure limitations, and climatic volatility (Mankad and Tapsuwan 2011, Pikaar 
et al. 2014).  The increased scarcity of water has many municipalities requiring the 
citizens to reduce water consumption as well as evaluating decentralized water re-use 
systems as means to achieve resiliency and flexibility in their potable water networks 
(Mankad and Tapsuwan 2011, Sharma et al. 2013). Decreases in water usage and 
the increasing use of water recovery systems is changing wastewater flows and quality 
in sewer networks as well as complicating their overall design in order to maximize 
water recovery (Arbon et al. 2014, Beal et al. 2011, Cook et al. 2010, Marleni et al. 
2015, Sun et al. 2015). There is sufficient evidence to suggest that this will change 
sulfide generation and emission rates in sewers (Marleni et al. 2012, Sun 2014). If the 
impacts are sufficiently large and detrimental, they may effectively limit our ability to 
engage in water sustainable practices. 
 
A brief review is presented regarding the core concepts relevant to evaluating future 
hydrogen sulfide generation in sewer systems under reduced flow conditions. A variety 
of relevant topics are examined. Since sewers are an engineered asset, the 
regulations and guidelines that sewer design is bound by and its relevance to 
hydrogen sulfide sewer processes is discussed in detail. Other critical considerations 
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including sewer hydraulics and biological processes including those relevant to sulfate 
reducing bacteria and sulfide oxidizing bacteria are discussed to provide some 
background on how sulfide forms, is transported and oxidized in sewer environments. 
Water sustainable practices, often termed as water demand management, is 
discussed in detail reviewing its various implementations, known outputs and impacts 
on downstream sewer processes. Finally, a review of the relevant modelling packages 
for predicting changes to downstream sewer processes is covered. The review then 
concludes with a series of research objectives that this thesis sets out to answer.   
 
1.2 Sanitary Sewer Network Design 
 
The methods and standards dictating the proper design of sanitary sewers and their 
networks can vary significantly between cities and jurisdictions (Little 2004). While 
core concepts in sewer design are usually similar between jurisdictions, specific 
parameters such as the minimum cleaning velocities, minimum permissible slopes, 
and peaking factors are rarely exactly the same (Little 2004). To maintain regional 
applicability, this project uses guidelines and standards laid out by the Water Services 
Association of Australia for both gravity and pressure main sewer designs (Wsaa 
2002, 2005).    
 
1.2.1 Traditional Network Flow Estimation for Planning and Design 
 
The most important factor in preparing a sewer network design is the design period, 
or service horizon (Bizier 2007). The service horizon of a pipe is important in 
determining future service loadings and connections. It is the first critical step in 
determining pipe capacity. Typical sewer design periods have been reported to vary 
from 10 to as much as 50 years (Bizier 2007). 
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With an established service life, a design capacity is the next critical parameter to 
determine.  Design capacities in a sewer network system are often described by the 
peak dry weather flow (PDWF) and the peak wet weather flow (PWWF) (Wsaa 2002). 
The PDWF is the maximum hourly flow expected in a day from upstream service 
connections at the end of a pipes service life (Wsaa 2002). The PWWF is the PDWF 
plus any contributions from groundwater and rain related infiltration (Wsaa 2002). The 
capacity of the pipes, wet wells, and pumps are all bound by these flow rates.  
 
Multiple methods exist for estimating future peak flows. Traditionally, peak flows were 
estimated using “equivalent populations” where population units are assigned to a 
catchment based on land use forecasts and flow was calculated on the basis of an 
assumed discharge rate per equivalent population (Bizier 2007, Queensland Water 
Supply Regulator 2014, Wsaa 2002). Using the equivalent population technique, the 
flow at a specific pipe is estimated by an assigned equivalent population and 
multiplying it by the flow allowance per equivalent population. The equivalent 
population method has since begun to be supplanted by modern design methods 
using more sophisticated network wide computer models (Lowe 2010). Computer 
models can be used to both estimate flow distributions throughout a network and 
account for diurnal variations in flow, travel time in the network and localized infiltration 
effects (Lowe 2010, USEPA 2017). However, both methods must still estimate the 
quantity of wastewater discharged per household when developing their flow 
estimates.    
 
Under the Australian sewer code, the PDWF is the product of the average dry weather 
flow (ADWF) and the peaking factor. The ADWF is the average flow for the day and 
does not account for any diurnal variations, it has traditionally been defined as: 
 
 𝐴𝐷𝑊𝐹 = 0.0021 ∗ 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (L s-1) (Wsaa 2002) 
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The peaking factor defines the magnitude that the maximum hourly flow exceeds the 
average flow in a typical day. The peaking factor is traditionally defined as a function 
of the gross development area of the sewer catchment (Bizier 2007). As the sewer 
catchment area increases, the peaking factor decreases. This occurs because the 
sewer flow become less variable when the number of service connections is larger 
(Metcalf et al. 2003). Peaking factors can range from approximately 3 to 8, though it 
is regionally dependent (Metcalf et al. 2003, Wsaa 2002). The PWWF is then 
calculated as the sum of the PDWF, total groundwater infiltration rate and the rain 
water infiltration rate. Typically the PWWF is generally between 1.5 to 3 times the 
PDWF (Queensland Water Supply Regulator 2014, Wsaa 2002).  
 
The issues that have arisen from the flow determination methods used to support past 
sewer designs is that both the ADWF and peaking factors are proving to be based on 
an overestimation of water use. In Australia and in many other developed countries, 
per capita household water use has decreased substantially in recent years. Since the 
millennial droughts in Australia, per capita water usage has decreased by as much as 
50%, and there is the technological capacity to decrease water usage even further by 
implementing water re-use and recycling systems (Arbon et al. 2014, Beal et al. 2011, 
Donnelly and Cooley 2015, Marleni et al. 2012, Sinclair et al. 2013, Willis et al. 2013).  
 
The main consequence is that the end of life ADWF have decreased in sewers by 
between 20 to 40% and the peaking factor has decreased by 20 – 30% (Arbon et al. 
2014, Beal et al. 2011, SEQWater 2017, Stewart et al. 2009). As a result, the traditional 
PDWF values vastly overestimated future discharge volumes. Sewer systems that 
have been designed prior to the changes in water usage are now often overdesigned.  
 
1.2.2 Design and Hydraulics of Gravity Sewers 
 
Gravity sewers remain the most critical and prevalent functional element of any sewer 
network. They consist of partially filled pipes that transfer wastewater by being sloped 
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downwards and using “gravity” to move the fluids along. Much of their operation and 
design is therefore based on open-channel hydraulics (Rossman and Huber 2016).  
 
The design of individual gravity sewer sections is constrained by two primary factors, 
the upstream wastewater discharge rate and the local topography. The upstream 
discharge rate is defined by the ADWF, PDWF and PWWF. The designated pipe slope 
is the minimum possible slope that the topography will practically permit while still 
maintaining a minimum self-cleaning velocity (Bizier 2007, Little 2004, Wsaa 2002). 
For gravity sewers, the required self-cleaning velocity depends on the utility company 
or municipality but usually ranges from 0.6 to 0.85 m s-1 for at least one hour a day at 
peak dry weather flow (Bizier 2007, Edmonton 2014, Little 2004, Queensland Water 
Resources and Queensland. Irrigation and Water Supply 1991, Wsaa 2002). Certain 
jurisdiction also have absolute minimum slopes for each pipe size, even if self-cleaning 
velocities can be achieved at lower slopes (Table 1)(Little 2004, Wsaa 2002, 2005).  
 
Table 1 Minimum slopes for gravity sewers as define by the Sewerage Code of Australia  (Water Services 
Association of Australia) (Wsaa 2002) These design parameters are used for all models in the present 
study. 
Pipe Size (mm) Absolute minimum slope (%) 
150 0.55 
225 0.33 
300 0.25 
375 0.17 
450 0.14 
525 0.12 
600 0.10 
>750 0.08 
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Pipe diameter can only be calculated after quantifying the sewer hydraulic flows and 
determining the approximate applicable slopes. For peak dry weather flow, in order to 
maintain adequate ventilation headspace, the pipe diameter must be selected so that 
the depth of flow does not exceed 60% of the diameter (Wsaa 2002). Additionally a 
sewer pipe diameter cannot be smaller than its upstream counterparts (Bizier 2007, 
Wsaa 2005). Finally, sewer sizes are often limited to commercially available sizes. 
This can vary by region and sewer material type (concrete, PVC, etc.). Based on a 
brief survey of PVC sewer pipe retailers in Brisbane, Australia the most common sizes 
available for small to mid-size gravity lines were 225, 300 375, 450, 525, 600, 675, 
750, 825, 900, 975 and 1050 mm in diameter. This is not an exhaustive list, nor does 
it represent the limits to the range of sewer sizes found in a typical network, however 
it does provide a good indication of the types of sizes seen for most sections of a 
typical gravity network.  
 
1.2.3 Design and Operation of Pressure Main Sewers 
 
The primary purpose of a pressure main system is to convey wastewater up gradient. 
A typical system will consist of three primary components, the receiving wet well, the 
pumps and the pressure main pipe (Figure 1)(Bizier 2007, Wsaa 2005). A pressure 
main system can also contain additional infrastructure such as emergency storage, a 
ventilation system or chemical dosage systems (Wsaa 2005). In Australia, pumping 
station design is based on the Water Services Association of Australia Sewerage 
Pumping Code (Wsaa 2005). In addition, individual municipal utilities often have their 
own set of supplementary requirements for the design and construction of pressure 
main systems.  
 
When designing a pressure main system, it is often easiest to begin by sizing the 
pumps. There are a variety of factors effecting the choice of a pressure main pump, 
however, the primary factor is the design wet weather flow (Wsaa 2005). Utilities will 
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usually select a pump with a capacity sufficient for the wet weather design flow while 
still being economically viable (Wsaa 2005).  
 
The size of the pressure main pipe is based on the pumping rate to ensure that the 
minimum self-cleaning velocity is met and that the maximum allowable velocity is not 
exceeded. In many jurisdictions a self-cleaning velocity is anywhere above 0.7 - 0.8 m 
s-1 (Edmonton 2014, Sanitation 2017). In Australia, however, the required minimum 
self-cleaning velocity in pressure main pipes is pipe specific by diameter and can be 
determined according to the following equation: 
 
𝑉௠௜௡(𝐿 𝑠ିଵ) = 325𝜋(𝐷/1000)^2.15 (Wsaa 2005) 
Equation 1 Relationship for determine the minimum self-cleaning velocity required by pipe slope for gravity 
pipes in Australia (Wsaa 2005). 
 
Where D is the pipe diameter in mm. 
 
Using the equation provided, the minimum in-pipe velocities range between 0.9 – 1.2 
m s-1 for most common pipe sizes. There is also a maximum allowable in-pipe velocity 
whose purpose is to protect piping from excessive abrasion. It is fairly common for the 
upper velocity limit to be around 3.5 m s-1 (Wsaa 2005). Pipe diameter is chosen so 
that for a given pumping rate, the resulting flow remains between the minimum and 
maximum range of acceptable velocities.  Additionally, while staying within those 
constraints, the pipe diameter size should be as small as practically possible, to limit 
the wastewater detention times to no greater than 2 hours whenever feasible (Wsaa 
2005). In longer pipes, where a detention time of 2 hours is not practically achievable, 
treatment for septicity will often be required (Wsaa 2005). 
 
Once pump capacity and pipe size have been selected, wet well sizing is relatively 
simple. Wet wells require a minimum diameter of 2 meters but should otherwise be 
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sized so that the volume between the pump cut-out and cut-in depths limits the pump 
starts no more than 8 times an hour at PWWF (Wsaa 2005).    
 
 
 
Figure 1 Simplified schematic of pressure main and pumping station components 
1.3 Effects on sewer hydraulics from upstream water use reductions 
 
Sewer hydraulics is the primary driver for hydrogen sulfide generation, transport and 
loss in a sewer system (Sun et al. 2015, Thistlethwayte 1972a). Understanding how 
sewer hydraulics change due reduced discharge volumes and how those changes 
affect physical sewer processes, such as mass transfer rates and pressure main 
pumping frequency, is critical to determining the future sewer reliability and the 
associated change to sulfide loading. 
 
Decreases in wastewater flows have several direct consequences for downstream 
sewer hydraulics. The changes to physical hydraulic parameters under reduced flows 
are easy to quantify through the application of the manning’s formula (Manning et al. 
1890).  Many of the significant outcomes from reduced flows are directly associated 
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with a change to wastewater depth. The most obvious impact from reduction in 
wastewater depth is a change in the surface contact areas for both biofilms and for the 
liquid-air interface (Figure 2)(Sharma et al. 2008b, Thistlethwayte 1972b). 
  
Geometrically, reductions to the wastewater depth will reduce the total available 
contact surface area of submerged wall mounted biofilms. If the activity of the biofilm 
does not change then the loss of surface area will reduce the total amount of biofilm 
related transformation processes in the pipe. Biofilms are part of a very dynamic sewer 
environment, interacting with dissolved oxygen, sulfate, sulfide and a wide range of 
organic carbon fractions (Sharma et al. 2008a). It is therefore possible that the effect 
on sulfide transformation processes will not be proportional to the loss biofilm surface 
area especially if there are changes to dissolved oxygen concentrations or organic 
carbon concentrations that counteract the loss of surface area. It is an area in need of 
further study. 
 
The surface area of the liquid/gas interface also changes with reduction in wastewater 
depth. In pipes that are more than half full, a reduction in wastewater height increases 
the liquid/gas interface area. In pipes that are less than half full, reductions in height 
decrease the interface area. Additionally, a reduction in wastewater height decreases 
the hydraulic radius of the pipe, and as direct consequence, results in a reduction to 
the wastewater velocity (Manning et al. 1890). Both the change in the liquid-air 
interface area and wastewater velocity will have a direct impact on mass transfer rates 
between the liquid phase and gas phase with consequences for the rates of oxygen 
reaeration and sulfide stripping (Jensen 1995, Taghizadeh-Nasser 1986). 
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8 
Figure 2 Diagram of sewer hydraulic impacts from water use reductions 
 
Simplified, the liquid-gas mass transfer rates are a function of substrate concentration, 
the liquid-air interface surface area and the wastewater velocity (Huisman et al. 2004, 
Jensen 1995, Jensen and Hvitved-Jacobsen 1991, Krenkel and Orlob 1962, Lahav et 
al. 2006, Taghizadeh-Nasser 1986, Tsivoglou and Neal 1976). In general, reductions 
in wastewater velocity will decrease the mass transfer rate between the liquid and gas 
phase per square meter of surface interface area. The bulk effect will however depend 
on the corresponding change in the interface surface area as flow changes. 
 
The magnitude and rate of change under reduced hydraulic flows for hydraulic 
parameters such as sewer velocity, water depth and interface surface areas depends 
on sewer design.  Slope, diameter and even the choice of sewer material will directly 
impact hydraulic performance (Bizier 2007, Wsaa 2002). The design of a gravity main 
can therefore determine the extent that reductions in flow translate into variations in 
sulfide generation, oxidation and transfer.  Since hydraulics can be reliably predicted 
for most sewer scenarios, it should be possible to pre-emptively evaluate which gravity 
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sewer design elements permit greater exposure to factors affecting hydrogen sulfide 
related damage under reduced network flows.  
 
The effects of reduced flows on the hydraulics of a pressure main are also simple to 
evaluate. In discontinuous pumping stations, reductions in flow will decrease the 
frequency of pumping events and increase the hydraulic residence time (HRT) of 
wastewater inside the pressure pipe. A higher HRT has been hypothesised to increase 
effluent sulfide concentrations in the discharged wastewater (Nielsen and Hvitved-
Jacobsen 1988, Nielsen et al. 1998, Pomeroy and Parkhurst 1977, Thistlethwayte 
1972b). However, some field based observations suggest that increasing the periods 
between pumping decreases the average activity of sulfur reducing bacteria due to a 
loss of available substrate at the biofilm surface (Thistlethwayte 1972a). Thus, 
optimizing the pumping design and HRT may have the potential to mitigate the effects 
of reduced flows at a pressure main system. 
 
Hydraulics, and associated hydraulic factors are a central aspect affecting sulfide 
generation, oxidation and transfer processes in sewers. Water conservation and the 
drive for more water sustainable cities will undoubtedly reduce sewage flows in many 
municipalities. The hydraulic factors that our sewers have been designed to 
accommodate are going to change as a result and this will change sulfide dynamics. 
The sensitivity of sewer infrastructure to such changes will depend on their physical 
design which will affect changes to their water depth, velocities, interface areas and 
pumping cycles. There has currently been little research into quantifying future sewer 
performance changes under reduced flows. Though quantifying changes to hydraulics 
is a relatively simple process, its impact on biological and chemical transformation 
processes will be complex, requiring both experimental and model based 
assessments to fully describe the scope of potential impacts.    
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1.4 Water Demand Management (WDM) 
 
The substantial reduction in wastewater generation in many municipalities and 
communities is mainly due to a broad set of actions referred to as water demand 
management (WDM) (Marleni et al. 2012). WDM is defined as any action whether 
technical, economic, administrative, financial or social that accomplishes any of the 
following goals (Brooks 2006): 
1) Reduces the quantity or quality of water required for a specific task, 
2) Changes the nature of the task in a manner that then requires either less water 
or water of a lower quality, 
3) Reduces the loss in quantity or quality of water, 
4) Shifts the timing of use from peak to off peak periods, 
5) Increases the ability of the water system to serve society during times when 
water availability becomes limited. 
 
WDM is decentralized and typically applies to domestic end-use applications, such as 
showers, toilets, baths, sinks, laundry machines, and dish washing machines. It also 
includes rain-water harvesting, sewer mining, and greywater recycling/re-use since 
when applied domestically or as a decentralized process, these processes serve 
primarily to reduce water demand from centralized water supplies and often decreases 
wastewater volumes discharged into the sewer systems (Brooks 2006).  
 
1.4.1 Observed Changes in Residential Water Use: Effect on Wastewater Flows 
and Quality 
 
The changes to wastewater generation can be approximated by studying how potable 
water consumption has changed in residential properties during times of water 
scarcity. End – use studies detailing household water consumption at the appliance 
level, provide a detailed understanding of changes to average water use and temporal 
changes in water use throughout the day. The information can be used to derive 
diurnal wastewater flow patterns for sewer systems and determine changes to 
wastewater quality by associating the changes in individual appliance use with the 
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corresponding wastewater quality parameters. In calculating wastewater generation 
from potable water consumption, it is reasonable to assume negligible loss when 
looking at individual indoor sources and to exclude outdoor uses such as irrigation. In 
Australia, end use behaviours have been studied in detail to provide a better 
understanding of potable water consumption trends during drought.  
 
Residential water use in Australian municipalities has changed substantially over the 
past 20 years as a response to drought based water scarcity. Pre-drought water use 
varied among cities but was approximately 260 to 320 L day-1 per capita. At their 
lowest, water consumption reached rates of 140 L day-1 per capita and today is around 
160 – 180 L day-1 per capita (Abbott et al. 2011, Arbon et al. 2014, Beal et al. 2011, 
Loh and Coghlan 2003, Roberts 2005b, Rogers et al. 2014, Troy et al. 2005). The 
largest reductions in residential water use came from changes in individual user 
behaviour with less water being used for both outdoor and indoor activities (Arbon et 
al. 2014, Beal et al. 2011). The actual breakdown of changes in water use by appliance 
varies but it is important for determining the impacts to both the hydraulics and quality 
of sewage received by downstream sewer infrastructure. 
 
In Australia, showers have been and remain the largest indoor water consuming 
appliances, followed by laundry, toilets, general tap use and then dish washing (Figure 
3) (Arbon 2014, Beal 2010, Loh and Coghlan 2003, Mead and Aravinthan 2012, 
Roberts 2005a, Willis 2010)  
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Figure 3 Average per capita water demand by appliance for Australian municipalities (Beal et al. 2011) 
 
Currently in Australia, showers have an average water demand of 40 - 60 L capita-1 
day-1 depending on the municipality (Arbon et al. 2014, Beal et al. 2011). Reductions 
in water demand from showers have been reported to be primarily driven by improved 
shower head efficiency and changes to user behaviour (Arbon 2014, Beal 2010). 
Municipalities such as Adelaide and Brisbane have uptake rates exceeding 70% for 
high efficiency shower heads ( < 9 L min-1) and the average shower lengths have been 
reported to range from approximately 6 to 8 minutes (Arbon 2014, Beal 2010, Roberts 
2005a).  
 
In terms of wastewater discharge quality, showers act as a dilution stream lowering 
the solids and organic carbon concentrations from household discharges. Wastewater 
generated from showers is reported to have an average total dissolved solids 
concentration (TSS) of 73 mg L-1, which is only marginally higher than the TDS of tap 
water (Tjandraatmadja et al. 2009). Similarly, Almeida et al. (1999) reported that a 
showers total organic carbon daily mass loading averaged 7.2 g capita-1 day-1 as 
chemical oxygen demand (CODT), which is considerably lower than other end use 
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appliances. An immediate consequence of decreasing shower use in a catchment is 
that the solids and organic carbon concentrations in wastewater increase. 
 
Toilets have an average water demand of 26.6 ± 1.8 L capita-1 day-1 in Australia with 
peak flow in the morning (Arbon 2014, Beal 2010, Roberts 2005a). Australian 
municipalities have a high adoption rate for high efficiency dual flush toilets (>80%), 
as such, variation in flow is primarily a factor of user behaviour (Arbon 2014, Beal 
2010). Outside of Australia there is greater variety of toilet types and so the variation 
in flow can be affected by toilet efficiency. Importantly, toilets are the primary source 
of COD in the waste stream with a daily CODT mass loading rate of as much as 50 g 
capita-1 day-1 (Almeida et al. 1999). 
 
Laundry has an average water demand of 35.1 ± 2.8 L capita-1 day-1 with peak use 
also primarily in the morning (Arbon 2014, Beal 2010, Roberts 2005a).  Reported 
uptake rates for water efficient front loading washing machines in Australia are 
approximately 50% (Arbon 2014, Beal 2010, Roberts 2005a). Front loaders have an 
average water demand that is between 30 - 50% lower than similar capacity top 
loading machines (Arbon 2014, Beal 2010). Wastewater generated from laundry is 
high in total dissolved solids concentration of approximately 406 mg L-1 
(Tjandraatmadja et al. 2009) and a CODT loading rate of 24 g capita-1 day-1  (Almeida 
et al. 1999). 
 
General tap and sink use have an average water demand of 26.6 ± 0.7 L capita-1 day-
1. In houses without a dishwasher, the tap use is evenly split between the kitchen and 
bathrooms (Almeida et al. 1999). During the time period of most end-use water studies 
reviewed by this thesis, the majority of Australian households washed dishes using 
tap water instead of by dishwashing machines. For example, in 2011 dishwasher 
install rate in Australian households was only 30% (Arbon 2014, Beal 2010, Loh and 
Coghlan 2003, Roberts 2005a). Dishwashing machines have an average demand of 
only 2.5 ± 0.3 L capita-1 day-1. This will change if more households install dishwashers. 
The wastewater quality from taps depends on the specific usage. Tap water from 
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washrooms and vanity units have an average CODT loading of 1.9 g capita-1 day-1 and 
kitchen sink tap water has an average CODT loading of 26 g capita-1 day-1 (Almeida et 
al. 1999). 
 
In large networks, infrastructure leaks account for an average water demand of 7.9 ± 
2.1 L capita-1 day-1. However, leakage rates are primarily driven by a small number of 
households. For example, Arbon (2014) reported that approximately 8% of the total 
daily water demand was attributed to leaks but 2 of the 150 households surveyed 
accounted for 44% of the leak volume. Similar observations have been made in other 
catchments (Arbon 2014, Britton et al. 2009). 
 
In terms of changes to the chemical composition of wastewater, the primary concern 
during implementation of WDM is from increases to the organic carbon concentration. 
If the concentration of organic carbon in sewers was previously at rate limiting 
concentrations, an increase in organic carbon can change the dissolved oxygen 
concentrations in gravity pipes or change the rate of sulfide generation in pressure 
main pipes.    
 
Several studies have characterized wastewater quality by appliance source (Almeida 
et al. 1999, Butler et al. 1995, Cook et al. 2010). For total suspended solids (TSS), 
volatile suspended solids (VSS), and CODT, characterization of wastewater quality by 
appliance is sufficiently detailed that when combined with the reported appliance 
wastewater generation data, changes to the average and hourly wastewater quality 
can be approximated under various water usage scenarios. However, creating a 
diurnal wastewater quality pattern requires two assumptions that can limit the 
applicability of the output data. First it must be assumed that the solids loadings from 
each appliance remains constant even as water usage changes. Next it must be 
assumed that solids loadings by appliance remains consistent between municipalities 
and regions. By taking those two assumptions into account, diurnal quality curves can 
be estimated by associating the substrate loading by device with the past and present 
daily water usage volumes (Figure 4). 
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Figure 4 Normalized diurnal profile displaying an approximate estimation of the daily concentration 
variations in organic carbon (CODt), total suspended solids and volatile suspended solids in sewers under 
historical and reduced flow conditions. Derived from a combination of reported water usage rates by 
appliance and reported at-source discharge quality for the wastewater (Almeida et al. 1999, Arbon 2014). 
 
The effect of reduced water usage on wastewater quality from a household can also 
be approximated by assuming that the average effluent concentrations increase 
proportionally with the average decrease in wastewater discharge volumes (Sun et al. 
2015). However, when considering the application of household greywater diversion 
systems more information will be required. Because household greywater re-use and 
recycling systems divert entire appliance waste streams into tasks such as irrigation 
or toilet flushing, the effect on household effluent quality can be complex (Penn et al. 
2013, Penn et al. 2011). In such cases, the consideration of at-source appliance 
wastewater quality parameters is required to estimate a household wastewater quality 
profile.  
 
Finally, two other important wastewater quality parameters required to properly 
quantify sulfide generation and loss in sewers is the dissolved sulfate concentration 
and the pH of the wastewater. In all water usage scenarios with WDM implementation, 
there is no evidence to suggest that the total sulfate concentrations in the wastewater 
will change (Pikaar et al. 2014). The largest source of sulfate for wastewater is the 
original potable water rather than additions by domestic water users (Pikaar et al. 
2014). As such, it is unlikely that changes in WDM adoption will have any major impact 
on downstream sulfate concentrations. The pH in wastewater also is largely 
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dependent on the pH of the potable water and so is expected to be stable for similar 
reasons (Tjandraatmadja et al. 2009).  
 
1.4.2 Decentralized Wastewater Re-use and Recycling 
 
Decentralized wastewater re-use and recycling uptake is a promising means to 
drastically reduce household and community potable water demand. Cost and 
logistical challenges have so far limited widespread adoption, however increasing 
water scarcity in many regions may force greater uptake in the near future. Broadly, 
wastewater re-use and recycling takes advantage of the lower water quality 
requirements for tasks such as irrigation and toilet use (Brooks 2006). It should be 
noted that while tasks such as irrigation and toilet use do not require potable quality 
water, the re-used or recycled water still requires considerable treatment to ensure 
public health is protected (NSW 2008). Decentralized wastewater re-use and recycling 
systems are relevant to sewer system operation because they both reduce 
downstream wastewater flows and produce their own treatment wastes and waste 
effluents that can be disposed of by sewer (Marleni et al. 2013 , McGhie et al. 2009). 
 
Greywater is generally considered to be any water sourced from domestic applications 
other than toilets and urinals (NSW 2008). Wastewater from kitchens is also generally 
not consistently considered as greywater (NSW 2008). Sources of domestic greywater 
can include showers, laundry machines and general purpose taps. Greywater can be 
used to offset outdoor irrigation requirements and with sufficient treatment can also be 
used to flush toilets or for laundry machines (Penn et al. 2011, Revitt et al. 2011, 
Sharma et al. 2013, Sinclair et al. 2013). The domestic use of greywater reduces 
potable water consumption and the volume of wastewater discharged into sewers. 
Greywater re-use can reduce total wastewater output by 10 – 30% if used strictly for 
toilet flushing (Campisano and Modica 2010) and by roughly 50% if used for toilets 
and gardening (DeZellar and Maier 1980).The impact to wastewater quality will 
depend on which end-use streams are captured for re-use, the specific greywater 
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system applied at the household and the level of treatment required before the 
greywater can be considered safe for re-use.  
              
Employing greywater re-use for toilets, laundry or surface irrigation will require some 
level of treatment in order to satisfy state and national guidelines (NSW 2008, Supply 
2008, Victoria 2003). In addition to decreasing household wastewater discharge 
volumes, the treatment of greywater can also produce transformed waste products, 
such as settled sludge and surplus greywater. Penn et al. (2013) modelled the 
potential impacts to wastewater quality from greywater re-use for flushing and 
greywater re-use for a combination of flushing and outdoor irrigation; the model 
predicted that CODT of household effluent can increase by a factor of 1.3 to 1.6 times. 
Similar increases were reported for other contaminants of concern, such as TSS and 
nutrients. 
 
Sewer mining is a form of wastewater recycling but further involves the extraction of a 
fraction of raw wastewater directly from a sewer collection system (McGhie et al. 
2009). The wastewater can then be recycled for non-domestic uses such as irrigation 
and horticulture (McGhie et al. 2009). In Australia, sewer mining operations exist or 
are in development for the regions of Swan Valley, Sydney, Pennent Hills, Kogarah 
and Melbourne (Arbon and Ireland 2003, McGhie et al. 2009, Water 2013). The treated 
waste discharges from sewer mining operations will contain more concentrated 
quantities of grit, solids and even biologically active sludge (Lesjean and Gnirss 2006, 
Marleni et al. 2013 , Melin et al. 2006). Since wastewater quantities and content are 
modified by these decentralized wastewater recycling operations, there exists the 
potential for alterations to solids deposition and biochemical processes in the 
downstream sewers.  
 
Existing work identifying and quantifying impacts of sewer mining to sewer 
infrastructure is still limited. Sun (2014) could not identify any substantial impacts to 
force main operations; however, there has been no laboratory based research on 
impacts for gravity sewers. It is possible that the injection of sufficient quantities 
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treatment wastes will increase the rate of biological transformation of organic carbon 
and decrease dissolved oxygen concentration in downstream sewers. Under the right 
circumstances, the impact on dissolved oxygen availability may even be sufficiently 
large to create anaerobic conditions in gravity systems. One previous modelling study 
focusing on sewer mining infrastructure had concluded that such systems might 
increase downstream sulfide concentration but was unclear on whether the cause was 
due to changes in hydraulics, discharge wastes or a combination of both (Marleni et 
al. 2012). 
 
The impact of decentralized re-use and recycling systems on hydrogen sulfide 
generation in sewer networks parallels those expected for residential water use 
reductions but with two key differences. First, it is not typical for sewers to be exposed 
to mature biological treatment wastes, at least not in residential catchments. Second, 
larger scale cluster recycling systems or sewer mining systems can act as a large point 
source discharge where concentrations of wastes can become quite elevated. 
Because these systems have not yet had widespread adoption, practical experience 
and research on the downstream effects are limited and in need of expansion     
 
1.5 Biological and Chemical Transformations in Sewer Systems 
 
The sanitary sewer is a complex environment with a wide variety of competing and 
complementary biological and chemical transformation processes. The bio-chemical 
transformation processes can take place in any one of four separate phases, the 
suspended wastewater , the wall-attached biofilm, the sediments and the exposed 
sewer headspace pipe wall (Hvitved-Jacobsen et al. 2002).  Further, the biofilm layers 
are generally comprised of an aerobic zone on-top of an anaerobic zone, each with 
their own set of dominant microbial metabolic processes and bio-chemical 
transformations (Mohanakrishnan et al. 2009). The bio-chemical transformations 
occurring in each biofilm zone and the resulting mass transfer of relevant substrates 
across phase boundaries have impacts on the sewer, downstream processes, the 
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environment and human health (Auguet et al. 2015, Hvitved-Jacobsen et al. 2002, 
Mohanakrishnan et al. 2009, Nielsen et al. 2005b, Nielsen and Hvitved-Jacobsen 
1988, Sun et al. 2018). 
 
1.5.1 Sewer Biofilms 
 
The bulk of the microbial activity in sewers occurs within the biofilm layer (Hvitved-
Jacobsen et al. 2002). A biofilm is defined as a layer of microorganisms that is 
embedded in an extracellular polymeric substance and that is attached to either a 
surface or other microorganisms (De Beer et al. 1996). In sewer environments, cells 
situated within a biofilm benefit from more stable environmental conditions and 
improved cell - to cell interactions (Jiang 2010). Within sewers, the biofilm layer can 
reduce wash-out and pipe scouring, allowing the microorganisms to remain in a stable 
position and gain reliable access to organic matter from the wastewater 
(Mohanakrishnan et al. 2009). Sewers are highly dynamic environments, and biofilm 
provides microorganisms with the capacity to cope with ever changing conditions. 
 
The potential thickness of the biofilm depends on the wastewater velocity and the 
abrasiveness of the wastewater (Hvitved-Jacobsen et al. 2002). Whether the flow is 
turbulent or laminar can also impact the biofilm thickness along the pipe (Hvitved-
Jacobsen et al. 2002). In rising main sewers, the biofilm thickness can be as much as 
several hundred micrometres thick and is usually uniform throughout the length of the 
pressure pipe (Jiang 2010). By comparison biofilm thickness in gravity sewers can 
vary substantially and under certain conditions not even be present (Nielsen et al. 
2008).  
 
As a microbial reaction, the formation of sulfide is of importance in sewer systems. 
Sulfide is a toxic irritant and a corrosive agent capable of severally damaging concrete 
and metal sewer infrastructure (Sharma et al. 2008b, Thistlethwayte 1972a). The 
formation of sulfide in sewers is a strictly anaerobic process (Figure 5). In pressure 
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sewers, sulfate transfers into the biofilm layer and becomes accessible to sulfate 
reducing bacteria (SRB), which then reduce the sulfate to sulfide coupled to the 
oxidation of organic carbon.  
 
 
Figure 5 Potential sulfur interactions in pressure and gravity sewers 
 
However, the extent to which sulfide accumulates in the sewers can be influenced by 
aerobic processes as well. Sulfide oxidation is a prominent transformation process in 
the aerobic zone of sewers, and can occur either chemically or biologically by 
autotrophic sulfur oxidizing bacteria (SOB) (Nielsen et al. 2005b). The result is a 
sulfide cycle, with sulfate being reduced to sulfide in anaerobic pressure mains, and 
sulfide being oxidized in aerobic gravity sewers (Figure 5).  
 
1.5.2 Sulfide Generation in Sewers 
 
The occurrence of corrosion in concrete sewers is the result of a multi-step bio-
chemical transformation process for sulfide species (Figure 5). Many various sulfur 
compounds naturally exist and are present in the sulfur cycle, however, for the process 
of sewer corrosion, those of significance include sulfide (HS-), elemental sulfur and 
sulfate (Hao et al. 1996, Keller-Lehmann et al. 2006, Kleinjan et al. 2003).  
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In anaerobic  zones, SRBs use inorganic sulfur, such as sulfate, as the electron 
acceptor in order to oxidize low molecular weight organic acids, acetate and H2(g) (Hao 
et al. 1996). Substrates such as thiosulfate, sulfite and sulfur can also be used as an 
electron acceptor (Dar et al. 2007, Hao et al. 1996). SRBs have been known to use 
hydrogen, fatty acids, sugars and fermentation intermediates as their source of organic 
carbon (Fedorovich et al. 2003, Hao et al. 1996, Muyzer and Stams 2008). More 
complex forms of organic carbon such as starches, fats and proteins are not known 
for being directly utilized by SRBs (Muyzer and Stams 2008).  
 
Sulfate reduction only occurs when substrates such as oxygen and nitrates are locally 
depleted (Hao et al. 1996). The dominating redox state in a layer of the biofilm is 
generally limited by the availability of electron acceptors.  Bacteria will preferentially 
consume electron acceptors with the greatest redox potential (1989). Thus, in general, 
bacteria use oxygen as an electron acceptor before nitrate and sulfate because of the 
higher energy yield. As such sulfide generation only occurs in the absence of oxygen 
and can also be disrupted in the presence of other electron acceptors such nitrate 
(Achtnich et al. 1995, Jiang 2010). 
 
Once sulfide enters a gravity sewer, it can re-oxidize or transfer to the air phase as 
hydrogen sulfide (Sharma et al. 2008b, Thistlethwayte 1972a). The transfer of sulfides 
into the air phase is dependent upon the pH of the wastewater, the total available 
wastewater surface area exposed to the air phase, and factors controlling the mass 
transfer coefficient (kLa) such as water turbulence, temperature and liquid/air phase 
sulfide concentrations (Sharma et al. 2008b). pH is of particular importance since pH 
controls the speciation of sulfide in wastewater with a pka of 7.02 between H2S and 
HS- (Chen and Morris 1972). The sulfide species HS- does not transfer into the air 
phase and is the dominant sulfide species above pH 7 (Chen and Morris 1972). As a 
result, a decrease in pH will increase sulfide emissions into the air phase. Once sulfide 
is emitted into the air phase, it can transfer into water condensate on the sewer crown 
making it available for biological oxidation into sulfuric acid, which is corrosive and 
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damaging to concrete binding agents (Jiang et al. 2014, Sydney et al. 1996). The most 
severe sewer corrosion is typically found in sections with high turbulence and 
dissolved sulfide concentrations above 2 mg L-1 (Hvitved-Jacobsen et al. 2002).   
 
A review of sulfide generation in sewers indicates that there has been a gradual 
increase in sulfide generation in sewer networks over the past 20 years (Apgar and 
Witherspoon 2008). This has been attributed to three potential factors (Apgar and 
Witherspoon 2008):  
 
1) the removal of inhibitory and toxic heavy metals from waste streams,  
2) water conservation measures and  
3) increased centralization of wastewater treatment infrastructure.  
 
However, potential impacts to sulfide generation in sewers from WDM implementation 
remain difficult to predict without further study. For example, in pressure mains, Sun 
(2014) reported an average increase in total sulfides concentrations of 21% mainly 
due to longer hydraulic residence times (HRT). In this study, the higher residence 
times were the result of a 40% decrease in the wastewater flowrate. As a result, 
despite the increase in sulfide concentrations, the daily average sulfide generation in 
the reduced flow condition was less than that of the normal flow condition.  
 
The main potential changes to the biochemical transformations of sulfide from WDM 
adoption and decentralized treatment systems will be a change to the dissolved 
oxygen concentrations in the gravity mains. It is hypothesised that if dissolved oxygen 
is less readily available, sulfide will persist for far longer in the gravity sewer 
environment. In addition, if the change in sewer conditions nearly or completely 
exhausts the dissolved oxygen availability, the occurrence of anaerobic conditions at 
the biofilm surface will cause sulfide generation in sections where there was previously 
no such activity. 
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1.5.3 Sulfide Oxidation in Sewers 
 
Sulfide oxidation relies on the availability of dissolved oxygen and mainly occurs in 
gravity sewer systems and can be separated into two processes, chemical oxidation 
and biological oxidation.  
 
Chemical oxidation is a function of the dissolved oxygen and dissolved sulfide 
concentrations and can be described by the following relation (Nielsen et al. 2005a) 
 
𝑟௦(ିூூ),௢௫, = 𝐾௦(ିூூ)𝑆௦(ିூூ)௠𝑆ை௡1.07(்ିଶ଴) 
Equation 2 General Equation for Biological and Chemical Sulfide Oxidation Rate 
 
Where, 
𝐾௦(ିூூ)௖ =
𝐾ுଶௌ
1 + 10௣ுି௣௄௔
+
𝐾ுௌି
1 + 10௣௄௔ଵି
 
Equation 3 Rate Constant for Chemical Sulfide Oxidation 
 
Where  𝑟௦(ିூூ),௢௫  is the surface specific sulfide oxidation rate in gS/(m2h), 𝐾௦(ିூ ) is the 
rate constant in [(gS)0.5(g02)-0.5mh-1], 𝑆௦(ିூ ) is the mean sulfide concentration, 𝑆ை is the 
mean dissolved oxygen concentration, m and n are the reaction orders with respect to 
sulfide and dissolved oxygen.  
 
The equation for chemical oxidation is derived from evidence that sulfate and 
thiosulfate are the primary oxidation products of chemical sulfide oxidation (Nielsen et 
al. 2005b). Therefore, it was assumed that 1.2 g of O2 is consumed for every 1.0 g S 
oxidized. The chemical oxidation rate is primarily controlled by the pH, temperature 
and dissolved oxygen concentration; there is no evidence to date to indicate that the 
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chemical oxidation rate in the bulk liquid varies between environments dominated by 
either sediment or biofilm.  
 
Nielsen et al. (2005a) have determined that for biofilm systems the biological sulfide 
oxidation rate can be described the assumption that elemental sulfur is the primary 
oxidation product of biological sulfide oxidation, resulting in an oxygen demand of 0.5 
g O2 per 1.0 g S oxidized (Nielsen et al. 2005b). For biofilms in gravity sewer 
environments, at a neutral pH, and a dissolved oxygen (DO) concentration of 6 ppm, 
the biological surface specific sulfide oxidation rate was found to vary between 0.07 – 
0.08 gS (m2h)-1 (Nielsen et al. 2005a). 
 
For both chemical and biological oxidation of sulfide, the dissolved oxygen 
concentration is a key rate determining parameter. Thus, the change in the dissolved 
oxygen concentration under reduced flow conditions will determine to a large degree 
the transport distance of sulfide in a sewer system. The equilibrium concentration of 
oxygen depends on the rate of replenishment by liquid-gas mass transfer and the 
consumption rate by heterotrophic activity in the wastewater and wall mounted 
biofilms. Both processes can potentially be impacted by reduced flow conditions with 
air-liquid mass transfer rates changing as a result of new hydraulic conditions and 
heterotrophic consumption changing due to higher concentrations of organic carbon 
in the wastewater. 
 
It is hypothesised that the changes to wastewater composition and flow due to reduced 
household water consumption can have significant effect on biological and chemical 
transformation rates by changing oxygen availability in the wastewater in gravity mains 
and by decreasing rate limiting conditions for organic carbon throughout the network.  
1.5.4 Hydrogen Sulfide and Sewer Resilience 
It is now widely acknowledged that hydrogen sulfide generation in sewers can greatly 
diminish the service life of sewer assets, particularly concrete sewer assets. In the 
face of changing water use habits, sewer resilience is brought about by ensuring that 
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the design configurations of a sewer network and its individual components are 
optimized to reduce major hydraulic variations that promote increased hydrogen 
sulfide generation. This could include pipe slopes that limit the development of 
stagnant flows, pumping stations that can adapt their pumping patterns to suit the new 
flow regimes and even changing to corrosion resistant piping materials in sections of 
the network most likely to adversely impacted by reduced upstream water use. This 
thesis investigates the effectiveness of several potential methods aimed at increasing 
sewer resilience in a system experiencing reduced water use. 
 
1.6 Modelling Sewer Transformation Processes 
 
Several computational models have been used throughout this thesis to simulate and 
predict the outcomes of sulfide transformation processes in sewers under varied flows 
and discharge conditions. This section details their purpose, design and operational 
principals. 
 
1.6.1 Modelling Sewer Hydraulics 
 
Sewer networks consisting of both pressure mains and gravity pipes operate under 
two different hydraulic regimes, pipe flow and open channel flow. A model that 
simulates a sewer network must have the capacity to simulate both processes. In 
industry and academia, the United States Environmental Protection Agency Storm 
Water Management Model (EPASWMM) is the most commonly used computational 
model to predict sewer network behaviour. EPASWMM has the capacity to translate 
geographic information into a model space that can then be used to make temporal 
predictions of hydraulic flows and hydraulic properties throughout a collection of 
elements defining the sewer network. EPASWMM was developed in the early 1970’s 
and remains one of the most widely used base model platforms for sewer design and 
modelling (Rossman and Supply 2006). 
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One of the key strengths of EPASWMM is that the source code underlying its core is 
publicly available and free to modify. As such it often forms the base computational 
engine of commercially available sewer modelling software. For the purposes of this 
thesis, the source files have been modified to be the sewer network hydraulic 
modelling platform for the SeweX sulfide sewer model. The custom compiled 
EPASWMM executable determines the network flow rates, depths, velocities and 
approximates headspace air velocities and then provides those results to the SeweX 
platform in a manner that allows it to then integrate into the SeweX model space. The 
source code model version used for all hydraulic modelling is 5.1.011. The modified 
source files were compiled with Microsoft visual studio 2015 for C/C++. 
 
EPASWMM has several sub-models for predicting open channel network hydraulics, 
all of which are based on the Manning’s equation (Rossman 2010). In this thesis, the 
dynamic wave model is used exclusively. Unlike the steady flow and kinematic wave 
model, the dynamic wave model has the capacity to account for backwater effect, flow 
reversals, and entrance/exit energy losses (Rossman and Supply 2006). In both the 
steady state and kinematic flow models, the slope parameter in the Manning equation 
is defined as the conduit slope. The dynamic wave differentiates from both the steady 
state and kinematic models by defining the Manning’s slope parameter as a “friction 
slope”, which represents head loss per unit length of pipe. The friction slope is 
determined by solving the Saint Venant equations for conservation of mass and 
momentum for unsteady flow (Rossman and Huber 2016, Rossman and Supply 2006). 
While more efficient solutions for solving dynamic flows exist, the ubiquity and 
accessibility of EPASWMMs dynamic wave model made it ideal for the purposes of 
sewer modelling in this thesis. 
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1.6.2 Modelling Chemical and Biological Sulfide Transformation Processes 
 
Traditionally quantifying sulfide generation and oxidation in sewer networks has been 
a challenge. In terms of field observation, the reactivity of dissolved sulfide and the 
limited number of reliable sampling techniques available has made long term and 
widespread sampling difficult and costly (Sharma et al. 2008b). As a result, especially 
at the network scale, the capacity to predict sulfide generation, emission and loss has 
been critical for assessing sewer conditions and developing effective mitigation 
strategies.  
 
Empirical models describing sulfide transformation in sewers first began to emerge in 
the 1970s for the purpose of aiding utilities in sewer planning and assessment tasks 
(Boon and Lister 1975, Pomeroy and Parkhurst 1977, Thistlethwayte 1972a). There 
also exists several empirical equations for estimating sulfide oxidation in sewers 
(Nielsen et al. 2005b). By assuming steady state conditions, the equations provided a 
reasonably effective means to approximate sulfide generation in fully filled pipes using 
a small number of factors such as wastewater COD, temperature and in some 
instances dissolved sulfate. The empirical equations also had the advantage of being 
relatively easy to apply to a given section of a sewer.  
 
Later research revealed that an empirical approach to predicting sulfur transformations 
in sewers had some major limitations, particularly in the case of sulfur reduction. 
Simplifying wastewater composition to an aggregate quantifier, such as COD, 
introduced the potential for error since it was determined that SRBs had preferential 
organic carbon sources, such as volatile fatty acids (VFAs)(Nielsen and Hvitved-
Jacobsen 1988). As a result, even when calibrated, empirical equations had the 
potential to be very location specific and struggled to predict the long term 
compositional changes in the wastewater. 
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In response to this limitation, the Wastewater Aerobic/Anaerobic Transformations 
Sewer model (WATS) was developed. In determining sulfide generation, the WATS 
model considers both anaerobic and aerobic sewer processes, the composition of 
wastewater for multiple forms of organic carbon and multiple sulfur species (Hvitved-
Jacobsen et al. 2013). When it was initially developed, the WATS model was generally 
limited to steady state conditions and could not provide any approximations of 
temporal variations in flow and wastewater quality (Mourato et al. 2003, Sharma et al. 
2008b). The WATS model was also initially limited in its spatial prediction abilities. It 
did not have the capacity to account for network scale dynamics, such as changes to 
the hydraulic residence time and pumping variation (Sharma et al. 2008b, 
Thistlethwayte 1972a).  
 
More recent adaptations of the WATS model and other sulfur model platforms have 
addressed many of those limitations (Hvitved-Jacobsen et al. 2013). The SeweX 
model, in particular, has the capacity to provide dynamic modelling of sewer networks 
and can consider both temporal and spatial variations in sewer hydraulics and 
wastewater composition when predicting both sulfur reduction and sulfide oxidation 
processes (Sharma et al. 2012, Sharma et al. 2008a, Sharma et al. 2008b). The model 
also considers the individual input of sulfur species, such as sulfate, thiosulfate and 
sulfite, and can account for variations in organic carbon content and type. The model 
is considerably more complex then empirical prediction methods requiring more inputs 
and computational capacity. However, when calibrated to real world systems the 
model can effectively predict future trends in sulfur transformation and transport with 
a high temporal precision (Sharma et al. 2008a, Sharma et al. 2008b). 
 
This thesis utilizes the modelling platform SeweX (Uniquest, Australia) for modelling 
sulfide transformation processes in sewers. It was developed by the University of 
Queensland Advanced Water Management Centre. The SeweX model is a simulation 
platform built in Simulink (Mathworks, United States) for predicting hydrogen sulfide 
transformation and transport processes in sewer systems. It has the capacity to predict 
biological carbon transformation, pH variation, substrate precipitation and liquid to gas 
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phase mass transfer rates for aerobic an anaerobic sewer environments. Having been 
developed in the early 2000’s the model has been applied and validated across many 
applications (De Haas et al. 2008, Pikaar et al. 2014, Shah et al. 2011, Sharma et al. 
2012, Sharma et al. 2008a, Sharma et al. 2008b).   
 
As mentioned previously, the model has been modified for compatibility with the 
EPASWMM hydraulic modelling package and can receive time stamped hydraulic data 
for individual pipe elements. Several additional task specific modifications have been 
added to the platform for the purposes of this thesis. The modifications are described 
in their relevant chapters as they are process specific. 
 
1.7 Research Objectives 
 
Research Objective 1: Understand the effect on hydrogen sulfide generation in sewer 
networks from water conservation based changes to pressure main operation. 
 
Reductions to hydraulic flows in sewers as a result of reduced residential water 
consumption will change both the retention time and pumping frequency at pressure 
main sewers. It has previously been hypothesized that sulfide generation in pressure 
main sewers decreases as still (or quiescent) conditions develop in the pressure main 
pipe due to limited substrate availability at the pipe wall (Thistlethwayte 1972a). The 
highest period of sulfide generation should then correspond temporally with the period 
of pumping and the period immediately after the cessation of pumping. If the number 
of pumping events in a day decrease, then overall daily sulfide generation should be 
expected to decrease as well. The rate by which sulfide generation decreases and the 
compounding effect from the change in the hydraulic residence time are not well 
constrained and requires further study. 
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This research objective is to assess the changes to hydrogen sulfide generation in 
relation to pumping frequency at pressure mains due to either manual adjustments or 
reduced hydraulic flows. The role of substrate availability, specifically, sulfate and 
organic carbon will be quantified using an experimental and model based approach. 
 
Research Objective 2: Understand the effect on hydrogen sulfide generation and 
oxidation from changes to wastewater composition caused by water conservation, and 
re-use.  
 
As influent wastewater flows decrease from water conservation initiatives, the daily 
solids loading from households is not expected to change (Almeida et al. 1999, Arbon 
et al. 2014, Butler et al. 1995). Reductions in flows can then be expected to increase 
the total solids and organic carbon concentrations of wastewater. Further, with the 
increasing adoption of decentralized wastewater recycling and re-use systems, 
additional solids may be introduced to the sewer catchment as waste products from 
the treatment system are most conveniently disposed of using the existing sewer 
infrastructure. 
 
The second research objective of this thesis is to quantify the impacts that may be 
incurred from changes to the composition of the wastewater due to water conservation 
practices. The impact to hydrogen sulfide generation in pressure mains and sulfide 
oxidation in gravity mains will be quantified using an experimental sewer system and 
computational sewer network model.  
 
Research Objective 3: Understand the role of sewer design and its sensitivity to 
changes in sewer hydraulics with respect to hydrogen sulfide generation and 
oxidation. 
 
The primary change to sewer system operation from reduced household water 
consumption is a reduction in sewer hydraulic flows. The reduced flows will change 
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the wastewater depth, velocity and in-pipe headspace volume. The extent by which 
parameters such as wastewater velocity and depth change, as water use declines, will 
depend in large part on the pipe design (Manning et al. 1890).   
 
It is hypothesized that the magnitude of impact in sulfide generation and sulfide 
oxidation will vary depending on the design parameters of both gravity and pressure 
main pipes. The final research objective is to complete an assessment of a pipe’s 
vulnerability to changes in hydraulic flows with respect to hydrogen sulfide generation 
based on the primary design factors such of the initial design pipe capacity, slope and 
diameter. 
1.8 Notation 
𝑉௠௜௡ minimum self cleaning velocity in a sanitary sewer pipe in L s-1 
D pipe diameter in m 
𝑟௦(ିூூ),௢௫, rate of sulfide oxidation (general) in gS/(m2h) 
𝐾ுଶௌ rate constant for oxidation of H2S in gH2S0.5gO2-0.5mh-1 
𝐾ுௌି rate constant for oxidation of H2S in gHS0.5gO2-0.5mh-1 
𝐾௦(ିூ ) the sulfide oxidation rate constant (general) in gS0.5gO2-0.5mh-1 
𝐾௦(ିூூ)௖ the sulfide chemical oxidation constant in gS0.5gO2-0.5mh-1 
m reaction order coefficients (unitless) 
n reaction order coefficients (unitless) 
𝑆௦(ିூ ) mean dissolved sulfide concentration for oxidation reactions in gS L-1 
𝑆ை mean dissolved oxygen concentration in gO2 L-1 
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Chapter 2:  Design and Construction of the Sewer Pilot 
System to Study Sewer Transformation Processes 
2.  
One of the greatest challenges in fulfilling the objectives of this thesis was replicating 
all the complexities of the sewer environment. The sewer pilot system was constructed 
to provide an experimental platform that could effectively replicate sulfide 
transformation processes at real world scales. The sewer pilot provided the 
experimental capacity to study the effects of pressure main pumping dynamics, the 
impact of sludge discharges on dissolved oxygen concentrations and to study the 
effect of conservation based changes in the organic carbon concentration of the 
wastewater on sulfide generation and oxidation rates. The fine control over operational 
variables provided by the sewer pilot allowed for the calibration of sewer models so 
that complex sewer processes could be confidently modelled at the network scale and 
under a wider variety of sewer operational conditions. 
 
Located at the Queensland Urban Utilities Innovation Centre, the sewer pilot system 
is a general purpose experimental platform for investigating complex sewer processes, 
such as sulfide generation, sedimentation and concrete corrosion. The sewer pilot 
system is currently the world’s largest controllable experimental sewer system with 
over 1200 meters of combined gravity and pressure piping to support experimental 
studies. 
 
The sewer pilot system was built by the Advanced Water Management Centre at the 
University of Queensland in collaboration with the Water Sensitive Cities Cooperative 
Research Centre, the University of Western Australia and Queensland Urban Utilities. 
The analytical capacity of the sewer pilot system has been used in several 
collaborative projects, including the assessment of the effects of decentralized 
wastewater management policies on sewer reliability and the prevention of sewer 
blockages under reduced flow regimes. The sewer pilot system will continue to be 
used in future research projects by industry and research partners.  
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At the AWMC, prior to the construction of the sewer pilot system, studies of sewer 
behaviour were completed either at the laboratory scale, with desktop reactors, or 
through field studies. Both approaches have provided valuable insight into sewer 
dynamics but both approaches have several limitations. The desktop reactors can act 
as an analogue for the bio-chemical transformation processes in pressure mains but 
due to their size and the volume of wastewater required, sewer hydraulics remain 
difficult to be properly simulated. Meanwhile, field studies provided access to real 
world conditions for both gravity and pressure mains, however, the scale, as well as 
the temporal and spatial variability limited the capacity for experimental control. The 
sewer pilot system was designed to address the limitations of laboratory and field 
experimental studies by simulating sewer processes at a scale approaching the real 
world, while still providing the flexibility to manipulate many of the sewer process 
parameters.  
 
The sewer pilot system consists of the following features: 
 
- Two 300 meter long, 100 mm diameter PVC pressure main pipes 
- Two 300 meter long, 225 mm diameter PVC gravity main pipes 
- Sustained raw wastewater pumping capacity of up to 300 L min-1 per pipe with 
real time variable flow control 
- Sustained tertiary effluent pumping capacity of up to 200 L min-1 from single 
pump with real time variable flow control to act as a dilution stream 
- Sustained secondary WAS pumping capacity of up to 15 L min-1  
- Adjustable gravity pipe slope ranging from 0.4 to 1.0% 
- Real time monitoring capacity for dissolved oxygen, pH, electrical conductivity, 
temperature, dissolved total sulfide and air phase H2S 
The responsibilities of system design, project tendering, construction supervision and 
on-going maintenance of the sewer pilot system, were held primarily by myself with 
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critical assistance from countless other associates of the AWMC and University of 
Western Australia.  
2.1 Primary Components of the Experimental Sewer Pilot Facility 
 
The sewer pilot system was built in the Queensland Urban Utilities Innovation Centre 
at the Luggage Point Waste Water Treatment Plant (LP WWTP), Brisbane Australia. 
The LP WWTP is Brisbane’s largest conventional waste water treatment plant with a 
design capacity of 200 ML day-1, treating nearly 60% of Brisbane’s wastewater. The 
LP WWTP is located at the far end of the Port of Brisbane (QUU 2016). Due to local 
topology and the facilities remote location relative to the city, it receives the majority 
of its wastewater via pressure sewers. The Innovation Centre is a research space 
devoted to providing space, material feed and logistical support for wastewater related 
experimental projects. The sewer pilot system is one of the first implemented projects 
at the Innovation Centre. 
 
2.1.1 Wastewater Supply 
 
Wastewater for the sewer pilot system is supplied from the headworks of plant by a 
centrifugal pump under QUU management (Figure 6). The wastewater flows into a 
10,000 L supply tank located outside the Innovation Centre (Figure A.1). The supply 
flow rate is not measured but varies between 180 – 300 L/min depending on the 
condition of the supply pump. The tank has two dedicated outlets to supply wastewater 
to the sewer pilot system, one for the pressure mains and one for the gravity mains 
(Figure A.2). 
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Figure 6 Intake pump location and tank farm at LP WWTP Sewer Pilot System (Maps 2017) 
 
Additionally, there is a 15,000 L tank storing tertiary effluent that can serve as a dilution 
water and a 1000 L tank of secondary waste activated sludge WAS. 
 
2.1.2 Gravity System 
The gravity system is a set of two looping, sloped PVC pipes that comprise the outer 
portion of the pilot facility (Figure 7). 
 
Figure 7 Outside view of sewer pilot plant showcasing the sloped and looping gravity pipes. 
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The outer loop is designated as the experimental line and the inner loop is designated 
as the control line. The experimental line has access to tertiary effluent, waste 
activated sludge for dosing and has the capacity to receive various user supplied 
treatment chemicals, tracers or external sludges. The control line is limited in what it 
can receive with only a single injection port for user supplied chemicals and tracers. 
 
Each line is suspended from adjustable saddles that allows adjustments to the slope. 
The range of slopes available for the entire gravity pipe is 0.4 to 1.0%, with the 
additional capacity to accommodate slopes of 0 to 1.2% on the final 30 meters of 
gravity pipe. In the experimental work in this thesis the slope was always set to 0.56%. 
The gravity lines, which normally work as a flow through system, also have the 
capacity to be converted into a recirculating system by switching over the last 4 meters 
of gravity pipe into two recirculation wastewater capture tanks (Figure 8). This mode 
captures the effluent wastewater and then recirculates it back to the influent pipe, 
allowing users to extend the hydraulic retention times of the gravity system up to 3 
hours. 
 
Figure 8 View of the recirculation pumps.  Each pump recirculates the waste water from the effluent 
wastewater capture tanks to the influent gravity balance tanks. 
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Wastewater characterization and sampling occurs through 5 sampling ports on both 
lines installed at 1 m, 30 m, 55 m, 270 m and 300 m from the influent tanks. 
The gravity system also has twelve 400 mm long removable pipe sections for biofilm 
sampling and pipe inspection (Figure 9).  
 
 
Figure 9 Removable gravity sections for biofilm sampling and pipe inspection 
2.1.3 Pressure Main System 
 
The pressure main pipes are located inside the inner piping corridor of the pilot plant. 
They consist of a pair of 100 mm internal diameter pressure grade PVC pipes (Figure 
10). The pipe is configured as a looping stack, which has a total length of 300 meters.  
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Figure 10 Pressure main pipes on the left, with removable sections visible. Influent enters the bottom pipe 
and exits through the top. 
The outer pressure pipe is designated as the experimental line and the inner pipe is 
designated as the control line. The experimental line has access to tertiary effluent 
and waste activated sludge dosing. Both lines have injection ports for chemical dosing 
or tracer injection located immediately adjacent to the main supply pump. 
 
The lines have 10 removable sections, shared equally between the two of them (or 5 
per line), for biofilm sampling and they can also be easily converted into independent 
sewer reactors. 
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2.1.4 Operation and Control Infrastructure 
 
For data logging and control, the pilot sewer system is controlled by a programmable 
logic controller (PLC) system located at the pilot head works (Figure 11). The PLC 
provides the capability to control all pumps and manipulate flowrates to suit a wide 
range of experimental objectives. The PLC has the capacity for a total of 8 online/real 
time analytical probes interfaced through four two channel Mettler Toledo M200 
transmitters (Mettler Toledo, USA) (Figure A.4). The pilot system maintains real-time 
logging of data through all the 8 channels.  
 
Figure 11 Pressure main headworks and system control infrastructure 
 
WAS is supplied from QUU dissolved air floatation units located near the innovation 
centre and is continuously passed through a 1000 L storage tank located next to the 
pilot plant. The WAS is dosed into the experimental lines using a fixed speed 
centrifugal pump. Tertiary effluent is stored in a 15000 L tank also located next to the 
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pilot plant. The tertiary effluent water is supplied to the experimental lines using a 
variable speed centrifugal pump with a flow range of 0 - 250 L/min. 
 
Sample ports are located throughout the entire length of the pressure main systems. 
In addition to a set of sampling ports at the influent and effluent points of the pressure 
pipes, there are also several additional sets of sampling ports spaced every 30 meters 
along the length of the pipe (Figure A.5).  
 
2.2 Sewer Pilot System Design and Construction 
2.2.1 Project Timeline 
The pilot system construction process incorporated four main phases: project initiation, 
project design, project construction and project commissioning, with the project 
initiation phase started in February of 2014. 
The project design phase took place over a period of 8 months and followed 
sequentially through several sub phases which included the, 
- Preliminary design (process flow) phase 
- Detailed design phase 
- Health and safety evaluation  
The first phase of construction activities began in February of 2015 and proceeded 
until October - November 2015, at which point the system commissioning started and 
subsequently the pilot system was ready for operation (Detailed schedule is in Table 
A.1). 
 
2.2.2 Gravity Lines Design 
 
The design of both the gravity and pressure main support structures incorporated 
standard shelving rack columns on offer by Unirack Australia Pty Ltd. This approach 
Dilution Pump 
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provided significant monetary savings by avoiding custom metalwork. The structural 
design and evaluation of the support structure was tendered out to a civil engineering 
firm under the guidance of Unirack. For the gravity line, the AWMC provided a 
maximum weight bearing requirement, preferred size footprint, and the maximum 
allowable height. For the gravity supports, the maximum designed weight was based 
on a 225 mm PVC pipe operating completely full. Although the pipes are not meant to 
operate fully filled, the specification provided a margin of safety in case of future pipe 
blockages resulting in backup of water in the sewer pipe. The total weight 
requirements for the support structure were then calculated as the combined weight 
of the piping material, water weight and the assumed mass of solids. The only other 
limitation in the design was that the structure height could not exceed 4200 mm to 
permit the free movement of an overhead crane.  
 
Each gravity pipe was suspended by an angled beam attached to central support 
structure (Figure A.6). For the gravity support structure, each gravity line support 
column measured 3750 mm in height with a base foot print of 1100 x 110 mm (Figure 
A.7). End to end, the columns were spaced 2490 mm apart from each other along the 
length of the system. Columns located at the corners the support structure were 
separated by a shorter distance of 890 mm (Figure A.8). Each column was connected 
to a neighbouring column by three sets of 50 x 50 mm beams placed at heights of 600, 
2000 and 3700 mm above ground level respectively (Figure A.9). 
 
The support arms, from which the gravity pipes are suspended, are placed at a 600 
mm vertical spacing. The suspended gravity pipe is supported by an adjustable pipe 
saddle which rests under the pipe. The design permits the user to modify pipe slope 
by adjusting the height of the pipe saddle. At the time of construction, the system had 
a primary slope of 0.56% along each segment of the pipe in the system. Pipe flexibility 
in the system was provided by installing silicone pipe sleeves at all the identified bend 
points. Because of the sleeves, the piping was not directly connected at the corners 
of the loops, and so pipe slopes could be freely adjusted along the length of gravity 
lines. While this design provides availability to a range of slopes from 0.4 to 1.0%, the 
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slope was not consistent throughout the entire loop. At the headwork’s end of the 
sewer pilot system, the looping gravity pipe must descend to the next level of support 
arms. The slope at this bend will change depending on the slope set point for the rest 
of the loop. At the maximum slope of 1.0% there should be very little change in slope 
at the bend, but as the slope decreases for the entire loop the slope at the bend will 
increase for the pipe to reach the second level.  
  
In addition to the liquid and gas sampling ports, the pilot system provides the capacity 
for inspection as well as sampling wall mounted biofilms and sediments. Access is 
provided using removable sections of PVC pipe that are attached to the pilot by rubber 
sleeves (Figure 12). The removable sections were created by cutting out 400 mm long 
sections of gravity pipe and then re-attaching them with the same silicone sleeves that 
were used for providing flexibility at the bend points along the corners of the gravity 
lines. The sections of pipe can be removed by loosening the sleeves and sliding them 
off the pipe. The removable sections were placed at 115,175, 235, 265 and 295 meters 
from gravity line inlet. The removable sections located 265 and 295 meters from the 
inlet were placed specifically to provide the capacity to isolate the final straight section 
of gravity pipe for inspection and for any additional study.  
 
Two 1000L buffer tanks are installed at the upstream end of the gravity lines as the 
influent tanks. The primary purpose of the tanks is to prevent flow shocks and high 
velocity pump spray at the entry of the gravity lines. The tanks help maintain steady 
flow conditions at the entry of the pipes. The tanks also have the secondary benefit of 
providing additional mixing during the addition of treatment chemicals, dilution water 
or treatment sludge. 
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Figure 12 Representation of the locations for the removable gravity line sections. The sections at 230 meters and 290 meters are specifically placed for the purpose 
of isolating the last straight section of gravity line. 
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2.2.3 Pressure Main Lines Design 
The pressure main pipe support structure is designed to support a water weight of 7.5 
kg m-1 and an additional 8 kg m-1 of sediment related weight. The support column 
sizing was 3800 mm in height with a base that measured 100 by 650 mm (Figure 
A.10). End to end, the columns were spaced 2490 mm apart. Each column was 
connected by three sets of 50 x 50 mm beams placed at the heights of 600, 2000 and 
3800 mm above ground level respectively to prevent lateral failure. The pressure pipes 
sat on top of multiple 300 mm long 50 x 50 mm square steel arms that were placed at 
vertical intervals of 300 mm starting from a height of 900 mm with respect to the ground 
surface. A steel nub was installed at the end of each arm to eliminate any potential for 
the pipes to roll of off the support structure and a spacer was placed between the two 
pipes to maintain a small gap.  
 
The pressure main pipe support structure was designed to fit within the inner core of 
the gravity pipe loop structure and weaves back and forth across the inner support 
structure. The final design included 10 levels of pipe, for a total distance of nearly 300 
meters (Figure 13). Influent wastewater entered the bottom pipes and then would 
travel up gradient until reaching the last section of pipe at the top. From the top section 
of pipe, the wastewater entered a downspout connected to the sewer pilot effluent 
waste tank. The design of the downspout allows for water to drain out of the final top 
length of the pressure pipe. As a result, only 270 meters of pipe can be considered 
completely filled at all times which is critical for establishing anaerobic conditions. The 
last 30 meters of pressure pipe represent a transition zone where the pipe is only 
temporally fully submerged. This location was included for potential future studies 
investigating processes in pressure mains transitioning between fully filled and 
partially filled states resulting in periodic gas emission to headspace. For experimental 
purposes, only 240 meters of the pressure main is utilized for anaerobic studies.  
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Figure 13 Typical layout of the pressure main system for operation and experimental monitoring
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Ten removable sections of pressure main pipes are also included in the design for 
reasons similar to those outlined for the gravity sections (Figure 14). The detachable 
sections of the pressure main are also 400 mm long and are spaced at an interval of 
60 meters. The sections are connected to the parent pressure pipe by high pressure 
flanges to prevent any leaks during normal sewer operation. 
 
Figure 14 Removable 400 mm long inspection and sampling sections on pressure main pipes 
 
2.3 Sewer Head Works and Operational Infrastructure 
2.3.1 General Overview 
 
The sewer pilot system head works is the section of the plant that provides pumping, 
operational control and analytical monitoring for the entire system. The headwork 
infrastructure is the most complex portion of the pilot facility. It includes the operational 
hardware for monitoring and control, the electrical distribution hardware, the primary 
pumps and all the main control valves for isolation, dosing and manual flow control. 
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2.3.2 Operational Control Infrastructure 
 
Operational support and control were determined to be best managed by a PLC 
system. The choice and design of the PLC was the most critical aspect of the design 
for the head works. This is because it is the direct interface for controlling and 
monitoring the pilot system. The reliability of the entire system is dependent on the 
stability of the PLC hardware and its associated programming. The choice between 
systems included two potential providers, Opto22 by Opto22 Technologies (United 
States) and LabView by National Instruments (United States). The Advanced Water 
Management Centre has traditionally utilized PLC controllers from OPTO22. Multiple 
experiments, including a large series of laboratory based pressure main reactors and 
corrosion chambers, were controlled using OPTO22 hardware and software. As such, 
there was existing programming experience in the centre and the potential to re-use 
existing hardware with potential cost savings. However, OPTO22 equipment primarily 
targets industrial input/output applications and its programming platform is not well 
supported for academic and research purposes. While there was very little existing 
experience with Labview, the provider offered significant academic support with 
access to a large library of training modules and code databases for Labview provided 
by National Instruments. As such, Labview was deemed the more robust system in 
terms of future support and this was the primary determining factor for choosing 
Labview as the PLC system.  
 
The PLC system has 3 main components: the target controller, the input/output boards 
and the host computer. The target controller provides logic based decision operations 
based on both user and system set points. The input/output boards provide 
communication to and from system components throughout the pilot plant. The host 
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computer serves as the user interface, providing the ability to set or modify user 
accessible plant functions and to monitor plant operational conditions.   
 
The target controller needs to provide fast and effective real-time logic control 
capabilities, however, the specific unit chosen was mostly dependent on the number 
of input/output modules required to successfully communicate with and operate the 
sewer pilot system. The preliminary design identified that the system would require a 
minimum of 3 analogue outputs, 8 digital outputs, 15 analogue inputs and 8 digital 
inputs. Additionally, the system included additional input/outputs of both data types to 
provide some flexibility for supporting additional future needs. Based on these 
requirements, the system required 8 modules and the CRIO-9066 was chosen as the 
target controller. A standard Toshiba laptop was used to act as the host system using 
Labview Real-Time 2014 (National Instruments, United States). 
 
The program is broken into several modules and submodules that operate based on 
a proprietary visual programming language (Figure 15). The majority of the operations 
are carried out on the PLC target system. Those include, managing the start-up and 
shut-down procedures, reading inputs values, checking for failure or fault conditions 
and determining pump operational conditions, including pump turbine speeds and 
event timing sequences. The host system provides a user interface for viewing the 
status of and interacting with the pilot system. The host system also provides data 
logging for most operational inputs read by the pilot system. The two systems are 
interconnected; however, the target system has the capability of operating 
independently of the host system. In the event of a disconnection between the two 
systems, the target system will operate based on the last received commands issued 
by the host system.
 59 
 
 
 
Start-up Shut-downOperational Control
Read Pilot 
Hardware 
Inputs
Fault
Checks
Pump 
Operation
User Interface Data Logger
Stop Condition
 
Figure 15 Simplified flow chart of PLC operational logic and data flow between primary control modules 
on target and host systems 
 
The pilot system can only be manually turned on. This feature acknowledges that the 
most likely failure point for the sewer pilot system is during start-up and so it requires 
direct user intervention as a safety consideration. Once the user initiates the start 
sequence, the PLC system begins by checking for faults and failures in the system 
and initializing all operational variables to their default values (OFF and 0) to prevent 
unexpected equipment start-ups. Following the system start up, the PLC program 
moves into the operational control module. The module checks for any user inputs 
from the host system and then applies them to the operational submodules controlling 
pumping. The module only checks for the last published user input values, so if the 
host system goes offline, the operational control module will continue to operate 
normally. The system has the capacity to operate pumps at user defined turbine 
speeds (measured as turbine frequency), or user defined flow rates. If a user sets a 
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specific desired flowrate, the system will check the output flowrate as measured by a 
downstream flow meter and adjust the pump turbine speed using a proportional 
integral derivative control algorithm. The operational control module also includes an 
input loop that checks the status of each digital and analogue output and publishes 
the data to the network so that it is visible to the host system. 
 
In parallel to but outside of the plant operational control module, a fault check module 
operates on a continuous loop. If a fault is detected, the module will force exit the 
operational control module and initiate the shutdown module. The fault module has 
priority over the operational control module and runs on a fixed 100 ms interval 
independent of the activities occurring in the operational control module. Giving priority 
to the fault detection module means that its reliability will not be impacted by the 
performance of the other modules and sub modules. In the event of a shutdown 
request, the shutdown module will initialize all of the operational variables back to their 
default values, effectively turning off user-controlled equipment. However, it does not 
isolate any equipment electrically, which must be done manually if required.   
 
On the host side, the user interface module takes user inputs and publishes them as 
variables to the network so that they are accessible to the target controller. Both the 
user interface and data logging module fetch published variables from the target 
system for display and logging purposes. The data logging module writes all data to a 
csv file and saves it on the computer.  
 
2.3.3 Electrical Infrastructure 
 
The electrical support infrastructure for the C-Rio PLC consists of a power supply 
module, switching relays, power breakers, signal acquisition support, and emergency 
shut off isolation equipment. The power system can deliver several power sources 
including 24 volt DC, single phase 240 AC and three phase 415 AC. The whole 
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system, as well as, the host PLC is in an IP56 metal electrical cabinet attached to the 
side of the pilot plant head works support stand. 
 
2.3.4 Pumping and Wastewater Flow Infrastructure  
 
Pump specifications were determined by quantifying the primary wastewater demand 
for both the gravity and pressure main sewers. Pressure main flow was determined by 
calculating the minimum flow required to reach a self-cleaning velocity of 0.6 m/s in 
both pipes simultaneously. A combined flow of between 500 to 600 L/min was deemed 
sufficient for experimental purposes in the pressure mains. The pressure main pump 
was sized based on its required lifting capacity. The required lifting capacity was 
calculated as the sum of the static head and dynamic pipe friction loss at full flow. The 
static head was 4 meters while head loss from friction was calculated to be 25 meters 
according to the Darcy-Weisbach equation.   
 
For the gravity mains, the minimum flow required for the pipe water depth of 20 mm in 
both pipes was determined using an EPASWMM model (USEPA). A combined flow of 
between 250 to 600 litres per minute was deemed sufficient for experimental 
purposes. The pump capacity was selected to provide the flows in the above ranges 
with a hydraulic head of 10 meters. For the waste activated sludge (WAS) supply 
pump, the pump required a max flow rate of approximately 10 litres per minute and 
would require the capacity to handle liquid high solids concentration. For dilution water, 
a flow rate between 25 to 150 litres per minute at a maximum head of 25 metres was 
required for experimental purposes because it must have the capacity to feed into the 
pressure system during pumping events.  
 
The Mono CP11 progressive cavity positive displacement pump was purchased for 
WAS supply. It is one of the smallest positive displacement pumps on the market, 
capable of handling the maximum expected head of 25 meters. The CO350-11 Lowara 
centrifugal pump with a variable speed drive was chosen for dilution water. Meanwhile 
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raw wastewater was pumped using the Loweara SHE50-12522 2.2kw and SHE50-
16075 7.5 kW 3 phase pumps for the gravity line and pressure line respectively. Both 
pumps were equipped with a Hydrovar variable frequency drive for flow control. 
 
Each line was fitted with an inline magnetic resonance flow meter covering the 
expected flow ranges for each pump and a back-up flow switch for both the main 
pressure and gravity supply line (Table A.2). 
 
The head works also required several valves for manual process control and to 
support maintenance tasks. Ball valves were used for providing pipe isolation, 
membrane valves were used for manually adjusting the flow rate of specific lines and 
check valves (one-way valves) ensured that there was no back flushing or syphoning 
of wastewater (Figure 16).  
 
Gravity Line
Balance 
Tanks
Tank: 
Waste Water 
~15,000L
Gravity Line
Pressure Line
Tank: 
Dilution Water 
~15,000L
Tank: 
WAS 
~1000L
One-way Check Valve
Gate Valve
Ball Valve
Diaphragm Valve
Flow Meter
Pump
Pipe
To Pressure 
Mains
 
Figure 16 Sewer pilot system head works flow diagram detailing valve, pump and sensor locations. 
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2.3.5 Head works Support Structure 
The head works infrastructure included a steel support structure whose primary 
purpose was to support two balance tanks acting as the feed tanks for the gravity lines, 
but also supported piping, analytical devices, communication hardware and the PLC 
and power supply box (Figure A.11). Design of the support structure consisted of a 
structural load analysis using SPACE GASS models (Integrated Technical Software 
Pty Ltd, Australia). Several structural designs were evaluated. For each design a 
distributed load of 15.76 kpa was applied to the resting platform that the balance tanks 
would sit on. The load is based on the normal operational weight (full tanks, plus 
equipment) placed on the structure multiplied by a safety factor of 1.3. The structural 
design was checked using both a non-linear static analysis and buckling analysis. The 
system was assembled externally and was built using galvanized steel.  
 
2.3.6 Wastewater Sampling Points 
 
To accommodate analytical monitoring of the waste water streams and the sewer pilot 
system, four M200 signal transmitters were installed near the head works of the pilot 
facility (Mettler Toledo, USA). The four transmitters act as an interface for monitoring 
probes carrying different measurements. The transmitters can connect to a total of 8 
probes simultaneously and provide data to the PLC by transmitting a 4- 20 mA signal. 
Two dissolved oxygen probes and four pH probes were purchased for use at the facility 
and connected to the system as per the need. 
 
Providing in-line sampling ports for the samplers and probes proved operationally 
challenging and was ultimately abandoned in favour of flow through sampling. In-line 
sampling was untenable as many of the probes required easy access for frequent 
calibrations. Installing in-line sample ports also required the capacity for pipe isolation 
to avoid leaks and to make probe access possible without having to empty the entire 
pipe system just to ensure safe access. Additionally, in the gravity system, the 
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potential for high sulfide in the gas phase could be expected to damage any 
component of the probe exposed to the air phase thereby shortening the life of the 
equipment. Instead of using in-line sample ports, custom flow cell housings were 
designed for providing side stream sampling (Figure A.12). Placing a probe in the flow 
cell makes it possible to receive wastewater from any available sample port using a 
peristaltic pump. Measurements could then be carried out continuously or on a 
programmed schedule using specially designed pilot plant control algorithm.  
 
2.3.7 Hydrogen Sulfide Safety Monitoring and Management 
 
Because emission of hydrogen sulfide to sewer headspace as well as the ambient 
environment is expected, several gas phase safety measures were designed and 
incorporated into the system. Connected to the PLC, are two gas phase hydrogen 
sulfide (H2S) meters that provide monitoring and operational control to the sewer pilot 
system. The first H2S meter was placed at the gravity line air inlet on top of the gravity 
flow balance tanks, which is open to atmosphere. A pilot plant shutdown set point of 
10 ppm of H2S was set for the meter. The second H2S meter was placed inside the 
effluent waste discharge tank and had a pilot system shutdown set point of 200 ppm. 
The first shut down set point of 10 ppm was chosen because it is the 8 hour exposure 
limit for H2S in Queensland (Australia 2012). A free air reading of 10 ppm would also 
indicate a severe malfunction or failure in the pilot system and so would warrant a 
plant shut down. The second shut down set point was chosen because it exceeded 
the detection range of the interior H2S sensor. Although 200 ppm is an elevated 
concentration of H2S, because it is contained within the gravity pipes, it poses minimal 
danger to nearby workers since there is no direct exposure. However, because the 
sensor limit has been exceeded it represents an unknown condition and is possibly 
indicative of a potential failure somewhere in the system, therefore a shutdown is 
deemed necessary.  
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A high flow ventilation fan was required for the safe operation of the sewer pilot system. 
The fan removes air from the headspace of the effluent waste lines. It draws fresh air 
from the gravity balance tank air inlets providing ventilation in the headspace of the 
gravity lines and the discharge tanks for both the gravity, pressure and recirculation 
systems. The fan has been observed to reduce the in-pipe air phase hydrogen sulfide 
concentrations from 200-300 ppm down to 2 – 10 ppm depending on the set-up of the 
gravity system. 
 
2.3.8 Gravity Recirculation Configuration 
 
The recirculation system was added to accommodate studies requiring longer 
retention times in the gravity lines. Increasing the residence time made changes to 
substrate concentrations in wastewater more practically measurable. Under 
continuous flow, the retention time in the gravity system was determined to be between 
7 to 12 minutes depending on flowrate and slope. With recirculation there is no 
theoretical limit to the retention time, as wastewater could be recirculated indefinitely.  
 
Under the recirculation configuration, the effluent wastewater is diverted into dedicated 
300 litre wastewater collection tanks placed at the lower ends of the system. Two 
separate tanks have been provided for the two sewer lines. Two dedicated centrifugal 
recirculation pumps are used to transport the effluent wastewater back to the influent 
gravity balance tanks. The centrifugal pumps were the same variable speed CO350-
11 pumps installed for providing dilution water with flow handling capacity between 25-
250 L/min per pump. Operation was controlled using the same flow algorithms 
deployed for the main pumps. The only notable design difference is that the pump 
lines include purge valves to remove stagnant air which accumulates when the pumps 
have not been operated for a long period of time.  
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2.4 Verification of Mass Transfer Rates in the Sewer Pilot Gravity Main 
 
In gravity sewers, the mechanisms affecting and controlling gas transport, dispersion 
and transformation are complex. For many sewer related processes dealing with 
gases such as H2S, a critical parameter is the liquid-air mass transfer coefficient or 
kLa, which determines the extent of gases emission. The parameter provides the 
capacity to predict the mass transfer rate of substrates between the liquid and gas 
phases. In sewer modelling, the mass transfer rate impacts several key sewer 
conditions, such as the oxygen availability in the bulk liquid, and the release of gases, 
such as methane and hydrogen sulfide, into the sewer headspace. The conditions 
controlling mass transfer in the pilot plant needed to be quantified prior to initiating any 
experimental procedures involving gravity sewer processes. The quantification of air 
– liquid mass transfer rates is also necessary to successfully model physical, biological 
and chemical sewer processes in the gravity system. 
 
There exists a wide body of literature presenting various approaches to empirically 
deriving the kLa parameter in sewers and open channels (Huisman et al. 2004b, 
Jensen 1995, Krenkel and Orlob 1962, Parkhurst and Pomeroy 1972, Taghizadeh-
Nasser 1986). However, the suitability of their empirical and semi empirical equations 
are tied to case specific conditions that are not always representative of all sewer 
systems (Huisman et al. 2004b). For the pilot plant, it was deemed necessary to 
determine the kLa parameter experimentally. The results could then be used to identify 
the most suitable empirical equation to describe the sewer system or be used to derive 
a pilot plant specific kLa function.  
 
A substrate mass transfer rate equation can be generalized if it is assumed that for 
oxygen and substrates of a similar solubility, mass transfer resistance is primarily 
dominated by the liquid phase (Mackay and Yuen 1980)(Equation 4).   
 
𝑟௦ = 𝑘௟𝑎൫𝑐௟∗ − 𝑐௕,௟൯,  
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Equation 4 substrate liquid-gas mass transfer rate equation ((Mackay and Yuen 1980)) 
 
Where rs is the specific substrate mass transfer rate is g m-3 day-1, 𝑐௟∗ is the satuaration 
concentration for the substrate in the liquid phase in g m-3, and 𝑐௕,௟ is the bulk liquid 
substrate concentration in g m-3. 
 
The kLa is temperature dependent and must have a temperature correction factor 
applied if it falls outside the standard range (Equation 5).  
  
𝐾𝑙𝑎ଶ଴ = 𝐾𝑙𝑎் × 1.024(ଶ଴ି்)  
Equation 5 Temperature correction factor for kLa calculation ((Huisman et al. 2004b, Jensen and Hvitved-
Jacobsen 1991)) 
 
The above equation has been previously used to provide temperature corrections for 
oxygen and other gaseous substrates (Huisman et al. 2004b, Jensen and Hvitved-
Jacobsen 1991). 
 
The kLa of one compound can then be related to others, such as a tracer compound, 
through their diffusivities (Huisman et al. 2004b)(Equation 6). 
 
௞೗ೌ,೟ೝೌ೎೐ೝ
௞೗ೌ,೒ೌೞ
= ൬஽೟ೝೌ೎೐ೝ
஽೒ೌೞ
൰
௡
, 
Equation 6 Relationship for determining kLa of target substrate from kLa of tracer based on their 
diffusivities (Huisman et al. 2004b). 
 
Where D is the diffusivity of the compound in m2 s-1 and n is a dimensionless correction 
coefficient that is dependent on the selection of a boundary layer model. n is  taken as 
0.5 for the surface renewal theory and 1 for the film theory (Huisman et al. 2004b).  
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The most common method of quantifying the mass transfer rate is to use a non-
reactive, easily measured tracer to track tracer loss over a distance in a pipe. 
Traditionally stable compounds with properties similar to oxygen, such as radiotracers 
(krypton-85), fluorocarbons or sulfur hexafluoride, have been used as tracers 
(Huisman et al. 2004a). Sulfur hexafluoride (SF6) had become the most widely used 
tracers, mainly due to its previously perceived low environmental and health impact 
when compared to radio tracers and fluorocarbons (Huisman et al. 2004b). More 
recently it was determined that sulfur hexafluoride is an extremely potent greenhouse 
gas with a 100 year global warming potential of 23,900 times that of CO2, and an 
atmospheric lifetime of between 800 – 3200 years (Change 2007, Ravishankara et al. 
1993).  Due to its severe environmental impact, the use of sulfur hexafluoride as a 
tracer should be avoided, and its use in Australia is now restricted. An exhaustive 
literature review could not find any appropriate replacements for gas transfer tracers 
that was not a damaging environmental pollutant, didn’t possess health risk or didn’t 
have narcotic properties. Like SF6, many tracers used in previously published studies 
are now banned or under restricted use orders in Australia. 
 
The solution employed in this study was to use the pre-existing dissolved methane in 
the wastewater feed as a tracer. Methane has a similar solubility and diffusivity to 
oxygen and liquid phase concentrations are easily quantifiable by GC. While methane 
is generally considered chemically inert, one major limitation is that it can be both 
generated and consumed by established sewer biofilms. To overcome this limitation, 
the study was conducted in the first two weeks of operation of the sewer pilot plant 
when biofilm was still growing, and activity was at a minimum.  
 
Both gravity sewer lines were used for the quantification of mass transfer parameters. 
Sample points were located at 2, 30, 50, 280 and 300 meters downstream of the start 
of the gravity lines. Mass transfer rates were assessed for the entire length of the 
sewer pipe, for the isolated straight sections of the sewer pipe and for the section 
bends of the sewer pipe. The tests were completed twice with the first sampling 
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completed on 12th February 2016 and the second one completed on 15th February 
2016. The first test was completed with a plant wide slope of 0.56% the second test 
included a 30-meter straight section that had been adjusted to a slope of 0.9%.  
 
Liquid samples were drawn in triplicate from both the influent point and the sampling 
points of the gravity lines. The samples were collected by drawing off 10 mL of liquid 
sample and passing 7 mL of sample through a 24 μm filter into a 12 ml borosilicate 
vial. Air phase samples were collected in triplicate from a sample point located 300 
meters downstream of the influent point. For each gas phase sample, 50 mL would be 
extracted by a syringe and then used to flush the contents of the 12 ml vial. Once the 
vial had been flushed, the cap would then be tightened to avoid sample contamination.  
 
All samples were immediately refrigerated on-site and were analysed by GC-FID 
(Varion 3900) within 24 hours of collection. After purging the gastight syringe with 
sample 3 times, 100 µL of sample was injected into the GC. An isothermal program 
was used with an oven temperature of 50°C, an injector temperature of 105°C and an 
FID temperature of 200°C. Gas phase methane concentrations were calculated based 
on the peak area compared against the curve fit for the peak area of a 1% methane 
standard measured in triplicate. The liquid phase methane concentration was then 
calculated using the methods employed by previous methane sewer studies 
(Guisasola et al. 2009, Liu et al. 2015a, Liu et al. 2015b). 
 
The kLa was calculated based on the decrease to the dissolved methane 
concentration from the influent to the effluent with an approximate in-pipe travel time 
of and 7.1 minutes when the pipes were at a 0.56% slope. The kLa was calculated 
based on Equation 4 assuming a saturation concentration of 0 mg CH4 L-1 due to 
headspace ventilation. The kLa was solved for iteratively with a time step of 30 
seconds.  
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The measured kLa’s were compared against a suite of empirical predictions provided 
by several different published kLa equations. The six equations were chosen based 
on their use by other sewer studies (Huisman et al. 2004a, Huisman et al. 2004b). The 
large variation in predicted kLa‘s among the different empirical methods highlights that 
the applicability of the empirical equations is very situationally specific (Table 2). 
Predicted kLas ranged from 14.3 to 5.6 hr- for the tested flows at a slope of 0.56%. At 
steeper slopes, the variation increased further with kLas ranging from 11.3 hr- 35.5 hr-
1.  
 
The measured mass transfer rates in the pilot plant were lower than most empirical 
estimates but are still reasonably close given the large variation between the predicted 
values from the six other previously published empirical equations for estimating kLa 
in open channels and sewers (Table 3). The empirical relationships that most closely 
represented pilot sewer conditions were derived by Tsivoglou et al., (1976) and Jensen 
et al., (1995). Unsurprisingly, the methods utilized by Jensen et al. (1995) were 
specifically derived for sewer environments. It is recommended that the equation for 
mass transfer quantification by Jensen et al. (1995) be used for the pilot plant 
(Equation 7). 
 
𝐾௅௔,ଶ଴ = 0.86(1 + 0.20𝐹ଶ)(𝑠 ∙ 𝑢)ଷ ଼⁄ 𝑑௠ିଵ 
Equation 7 Recommended mass transfer equation for determination of solute transfer in pilot plant gravity 
mains 
 
Table 2 Calculated kLa for methane and oxygen based on gas and liquid samples collected along the full 
length of the gravity line at 0.56% slope. Values have been temperature corrected to 20 ℃.  
Flow kLa,CH4 Line 1 kLa,CH4 Line 2 kLa,O2 Line 1 kLa,02 Line 2 
100 L min-1 5.4 ± 1.2 hr-1 3.6 ± 0.8 hr-1 6.0 ± 1.4 hr-1 4.1 ± 0.8 hr-1 
200 L min-1 5.9 ± 1.0 hr-1 5.6 ± 1.0 hr-1 6.6 ± 1.2 hr-1 6.2 ± 0.8 hr-1 
250 L min-1 5.2 ± 1.4 hr-1 5.2 ±  0.9 hr-1 5.8 ± 1.4 hr-1 5.8 ± 0.6 hr-1 
 71 
 
 
    
Table 3 Predicted kLa for oxygen and standard temperature by published empirical equations. 
Flow Velocity 
(m s-1) 
Slope 
(%) 
Depth 
(m) 
1. 
 hr-1 
2.  
hr-1 
3. 
hr-1 
4. 
hr-1 
5. 
hr-1 
6. 
hr-1 
100 
L min-1 
0.4 0.56 0.04  10.9  9.7 5.6 12.0 6.7 10.1 
200 
L min-1 
0.45 0.56 0.04  11.5 10.6 6.3 14.3 9.8 12.1 
250 
L min-1 
0.5 0.56 0.05  9.3 7.3 7.0 12.7 8.9 11.6 
    
1.(Krenkel and Orlob 1962) 
2.(Parkhurst and Pomeroy 1972) 
3.(Tsivoglou and Neal 1976) 
4.(Jensen and Hvitved-Jacobsen 1991) 
5.(Jensen 1995) 
6.(Lahav et al. 2006) 
 
Error should be expected to increase when the experimental conditions deviate from 
the conditions used to derive an empirical relationship. The pilot system has a 
diameter of 225 mm while the referenced empirical equations in Table 3 were primarily 
from larger sewers, or more often, open channels and streams. Additionally, the 
temperature of the sewage needs to be considered, which can become as high as 
30˚C in Queensland. While temperature correction coefficients exist for oxygen mass 
transfer rates, the temperature range is larger than those experienced in most of the 
referenced studies. Standard temperature was most often defined as 20˚C and 
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measured temperatures in previous studies were typically in the range of 14-24˚C 
(Huisman et al. 2004b, Jensen 1995, Lahav et al. 2006).  
 
2.5 Summary 
 
The sewer pilot system is novel in its design and provides an unparalleled capacity to 
study sewer processes. Many of the practical limitations of field studies and scaling 
issues faced by laboratory based sewer studies are effectively managed or eliminated 
due to the size and operational capacity of the pilot system.  The flexibility of the design 
also allows for the system to be applied to a larger variety of sewer related research 
projects. The development of the sewer pilot system is considered a major project 
outcome as a result.  
2.6 Notation 
𝑐௕,௟ bulk liquid substrate concentration in gm-3 
𝑐௟∗ substrate saturation concentration in gm-3 
𝐷௚௔௦ diffusivity of target compound in liquid in m2s-1 
𝑑௠ mean water depth in m 
𝐷௧௥௔௖௘௥ diffusivity of tracer compound in liquid in m2s-1 
F  Froude number (unitless) 
𝑘௟𝑎 mass transfer coefficient (unitless) 
𝐾𝑙𝑎ଶ଴ mass transfer coefficient corrected to 20°C 
𝐾𝑙𝑎் temperature specific mass transfer coefficient 
n dimensionless correction coefficient for mass transfer 
s pipe slope in m m-1 
𝑟௦ specific substrate mass transfer rate in g m-3 
u mean flow velocity for calculating Kla in m s-1 
 73 
 
T temperature in °C 
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3. Chapter 3: Impact of Pressure Main Pumping Frequency 
on Sulfide Generation Potential 
3.1 Abstract 
Reductions to hydraulic flows in sewer networks resulting from water 
conservation and re-use strategies will change the operational behaviours of 
existing sewer infrastructure. For intermittently flowing pressure mains, 
changes to the duration and frequency of pumping events effect in-sewer 
biological and chemical transformation processes including the generation of 
hydrogen sulfide. This study investigated the effect of the pumping frequency 
on average total hydrogen sulfide generation using a pilot scale experimental 
pressure main. In the experimental trials, doubling the pumping period from 30 
minutes to 60 minutes and increasing the period further from 30 minutes to 120 
minutes decreased the total daily sulfide generation by 25±9% and 43±11% 
respectively. The decrease in sulfide generation is due to sulfate diffusion 
limitations in the bulk liquid limiting its availability at the liquid – biofilm 
boundary. A computational temporal and spatial substrate diffusion model 
confirmed this hypothesis. The model also predicted a reduction in total sulfide 
generation with an increase in the hydraulic residence time in a pressure main. 
The results suggest sulfide production in a pressure main sewer could be 
decreased substantially either by manually reducing the operating frequency of 
the feeding pump or because of reduced influent flows. 
 
3.2 Introduction 
 
The key factors controlling sulfide generation in sewers are the hydraulic 
residence time, the concentration of organic carbon and, in certain conditions, 
the dissolved sulfate concentration (Freudenthal et al. 2005, Hvitved-Jacobsen 
et al. 2002, Hvitved-Jacobsen et al. 2013, Mohanakrishnan et al. 2009, Nielsen 
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and Hvitved-Jacobsen 1988, Sharma et al. 2008a, Thistlethwayte 1972). In 
pressure mains with intermittent flows however, the period between mixed flow 
and the still conditions has also been identified as influencing the average total 
sulfide generation rate (Thistlethwayte 1972, Works 1989). With intermittent 
flows, there exists transitions periods from states of turbulent “eddy” mixing to 
states where substrate transport is instead limited to molecular diffusion in the 
bulk liquid. It has been hypothesized that the sulfide generation rate decreases 
once these still conditions, generally referred to as quiescent conditions, are 
established (Thistlethwayte 1972). In such a case, the resulting average sulfide 
generation rate for a pumping cycle is proportional to the sulfide production rate 
of a continuously operating pressure main,(Thistlethwayte 1972)(Equation 8). 
 
𝑅஻𝑆(ିூூ) = 0.5 × 10ିଷ[𝐵𝑂𝐷ହ]଴.଼ × [𝑆𝑂ସ]଴.ସ × 1.139(௧°஼ିଶ଴) × 𝑉ௌ 
Equation 8 Biological sulfide generation rate during continuous flow 
 
factored against the mean effective velocity(Thistlethwayte 1972)(Equation 9). 
 
𝑅஻𝑆(ିூூ) ∝ [𝐵𝑂𝐷ହ]௔ × [𝑆𝑂ସ]௕ × 1.139(௧°஼ିଶ଴) × 𝑐 ×
𝑉௦
𝑉௦
 
Equation 9 Biological sulfide generation rate during intermittent flow 
 
Where 𝑅஻𝑆(ିூ ) is the biofilm sulfide generation rate, 𝐵𝑂𝐷ହ and 𝑆𝑂ସ are the 
biochemical oxygen demand and sulfate concentrations, 𝑉௦ is the mean velocity 
of wastewater flow during pumping and 𝑉௦ is the effective mean velocity over 
the entire pump operation cycle. 
 
Other empirical rate equations have since been proposed that can be used to 
describe the sulfide generation rate in a continuous flow pressure main while 
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excluding the dissolved sulfate concentration as a determining factor (Boon and 
Lister 1975, Nielsen and Hvitved-Jacobsen 1988, Pomeroy and Parkhurst 
1977). In a continuously operating pressure main, excluding sulfate as a 
parameter can be considered valid in high sulfate systems since sulfate has not 
been observed to be rate limiting above average concentrations of between 2-
5 mg S L-1 (Nielsen and Hvitved-Jacobsen 1988, Thistlethwayte 1972). By 
comparison, for organic carbon, laboratory measurements showed increasing 
sulfide generation rates with increases in soluble COD up to a concentrations 
of 200 to 400 mg L-1 CODs (Nielsen and Hvitved-Jacobsen 1988). By that 
measure, organic carbon should be expected to have rate limiting effects since 
a typical sewer can be expected to have a soluble COD concentration of 
between 200 to 400 mg L-1 (Nielsen and Hvitved-Jacobsen 1988, 
Thistlethwayte 1972) . 
 
When pumping ceases, quiescent conditions quickly develop and the rate 
limiting concentrations are unlikely to remain unchanged. Reported rate-limiting 
substrate concentrations were determined with the assumption that there is no 
external mass transfer resistance at any flows above 0.5 m s-1 (Nielsen and 
Hvitved-Jacobsen 1988). However, without any mixing, mass transfer 
resistance increases and substrate availability at the biofilm surface becomes 
dependent on the substrate diffusion rate. This should cause the limiting 
organic carbon and sulfate concentration to increase. In addition, as substrate 
depletion occurs at the biofilm surface it may be possible for sulfate to become 
sufficiently depleted that it also becomes rate limiting. 
 
An experimental pressure main system was constructed and operated for 
quantifying the changes to the total sulfide generation rate as a function of 
pumping frequency. Pumping frequency determined both the number of 
pumping events in a day and is the determining factor controlling the length of 
quiescent periods. The system, comprising of a 300 m long section of 100 mm 
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diameter PVC pipe, was intermittently pumped at three different frequencies to 
experimentally quantify sulfide generation rates. A computational substrate 
diffusion model was then calibrated using the collected experimental data. The 
model was used to understand how the sulfide generation rate changes during 
an on-going period of quiescent conditions with respect to the organic carbon 
and sulfate concentration at and within the biofilm and to estimate the effect of 
changes to the in-pipe HRT.  
 
3.3 Materials and Methods 
3.3.1 Experimental sewer set-up and operation 
 
The daily average total sulfide generation rate under different pumping 
frequencies was studied using the first 240 meters of the 300 meter, 100 mm 
internal diameter PVC experimental pressure main (Figure 13, Figure B.1.). The 
last 60 meters of the pressure main were not used to avoid any complications 
that may have arisen from the development of any headspace. The internal 
area to volume ratio, which represents the extent of biofilm exposure to 
wastewater, for the system was 40 m-1. The sewer main was supplied with raw 
influent wastewater diverted from the head works of the Luggage Point Waste 
Water Treatment Plant (LP WWTP) (Brisbane, Australia) to a holding tank 
located immediately adjacent to the test system. The wastewater was fed to the 
pressure line using a SHE50-16075 centrifugal pump (Lowara Pumps, 
Australia). During a pumping event, the flow was maintained at 275 L min-1, a 
flowrate that corresponded to an in-pipe liquid velocity of 0.6 m s-1. The in-pipe 
velocity was chosen since it is considered sufficient to achieve self-cleaning of 
the pipes but was low enough to avoid biofilm shearing at the bends (Metcalf et 
al. 2003). A visual inspection of the internal pipe sections at the completion of 
the study confirmed there was no sediment build up and the attached biofilm 
thickness remained within a range of 1 to 2 mm. The flowrate was controlled by 
using a flow sensor and PID control algorithm (National Instruments, Texas). 
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The baseline pumping pattern consisted of a 2-minute pumping event every 60 
minutes. 
 
Two sample ports were installed for real time wastewater sulfide measurements 
and for grab sample collection. The influent and effluent sample ports were 
located 3 and 240 meters from the start of the pressure main. The wastewater 
from the both sample ports was fed into a UV-VIS spectrometer probe 
(spectro::lyser, Messtechnik GmbH, Austria), measuring bisulfide 
concentrations on a two minute frequency (Sutherland-Stacey et al. 2008). 
Total sulfide concentrations were calculated using the measured wastewater 
pH and referencing the dissolved sulfide pKa of 7.0 (Sutherland-Stacey et al. 
2008). The pH was monitored in real-time using two sets of on-line pH probes 
(EasySense 31, Mettler Toledo, United States). Sample flow to the on-line 
sensors was controlled by two peristaltic pumps operated on a timer 
synchronized to the pressure main pumping cycle (L/S Precision Modular Drive, 
Cole Parmer, United States). At the start of each pump cycle, sample was 
drawn into the UV-VIS spectrometer at a rate of 0.5 L/min from the influent port 
for 10 minutes, sample was then drawn at the same flow rate from the effluent 
port for the remainder of the cycle. General wastewater characterization of the 
influent was completed with a LiquidID Station (Zaps Technologies, United 
States) collecting sample from an inlet located at the wastewater holding tank. 
The system measured temperature, CODT, TSS, nitrate and nitrite on a one-
minute interval. 
 
Grab samples for the analysis of dissolved inorganic sulfur species (sulfate, 
sulfide, sulfite and thiosulfate) were also collected. Grab sample measurements 
were used to confirm on-line sensor accuracy as well as to characterize sulfate 
availability and loss.  
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The pressure main was operated for 6 months to develop a mature wall 
mounted biofilm before the experimental test cases commenced.  
 
3.3.2 Experimental design 
 
The active pumping duration and the period between pumping events were 
designed such that the hydraulic retention time (HRT) of the sewage in the pipe 
remained a constant 3.4 hours for all test cases. An HRT 3.4 hours was 
maintained since it was within a range deemed typical for normal pressure 
mains (Liu et al. 2015). Holding the HRT constant allowed the evaluation of the 
impacts of the length of the quiescent period as a single impacting factor. To 
maintain a constant HRT, the pumped flow rate in each case was set to 275 L 
min-1 while the active pumping duration was adjusted in proportion to the 
change in the pumping frequency resulting in the same volume of wastewater 
pumped in a day.  
 
Testing was completed over the months of May, June and July of 2016 to 
account for any changes in the wastewater characteristics. Each month, three 
specific pumping cases were applied as defined below:  
 
1) 1 minute of active pumping with a 30 minute period between pumping events,  
2) 2 minutes of active pumping with a 60 minute period between pumping 
events,   
3) 4 minutes of active pumping with a 120 minute period between pumping 
events. 
 
The range of pumping frequencies employed in this test are all within the 
bounds of recommended operating conditions under Australian design 
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standards while also not fully discharging the contents of the pressure main in 
a single pumping event (Wsaa 2005).  
 
Analysis for May and June operations were drawn from uninterrupted data sets 
comprising of no less than 12 consecutive pumping events per pumping case. 
The study period for July was expanded to include data sets of no less than 32 
consecutive pumping events. 
 
When determining the average influent dissolved sulfide concentration from the 
online UV-VIS spectrometer data, the first data point immediately following a 
pumping event was discarded to account for the delay in the sample travel time 
through the sampling lines. The average influent dissolved sulfide 
concentration was determined using samples measured at 2 minutes, 4 
minutes and 6 minutes after pumping commenced respectively for the three 
cases. The effluent dissolved sulfide concentration was defined as the average 
concentration calculated from the last 6 minutes of sample data (3 sample 
points) prior to the next pumping event.  
 
To calculate the daily total sulfide production, the difference between the 
average influent and effluent sulfide concentrations in the study period were 
multiplied by the total daily flow. The average surface specific sulfide production 
rate by the biofilm was calculated by dividing the daily production rate by the 
total biofilm surface area in the 240-meter pipe section. 
 
3.3.3 Analytical methods for grab sample characterization 
 
Dissolved inorganic sulfur species (sulfide, sulfate, sulfite and thiosulfate) were 
quantified after filtering 1.5 ml of sample through a 0.22 µm membrane filter. 
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The filtered sample was immediately preserved with 0.5 ml of sulfide anti-
oxidant buffer solution (Keller-Lehmann et al. 2006). Samples were then 
analyzed by an ion chromatograph (IC) with a UV and conductivity detector 
(Dionex ICS-2000). Total COD and soluble COD was measured using a UV-
VIS colorimeter (Pharo 300 Spectroquant, Merck Millipore). Soluble COD was 
differentiated from total COD by filtering the sample through a syringe tip with 
a 0.22 µm membrane filter. 
 
3.3.4 Modelling of temporal and spatial substrate distribution 
 
To support the experimental findings, a 1-dimensional biofilm diffusion model 
was created (Figure 17). The model was used to predict the spatial substrate 
availability throughout the bulk liquid and biofilm of a circular pressure pipe 
section. Substrate distribution during quiescent periods was modelled 
considering the diffusion and biological substrate uptake rate. The initial sulfate 
and CODs concentrations in the bulk liquid were set to 35 mg S L-1 and 400 mg 
L-1 respectively. The predicted sulfide generation trends were then calibrated 
using the experimentally observed results. Calibration was completed by 
varying the SO4 demand of the SRB biofilms by manipulating their aerial 
(surface) H2S production rate. An aerial production rate of 3.9 gS m-2 day-1 was 
chosen based on the minimization of the sum of errors between the predicted 
and measured data sets. Once calibration was completed the model was 
extended to investigate the spatial distribution of total sulfide from the pipe wall. 
The model provided predicted spatial concentration profiles for sulfate, sulfide 
and COD at durations of 0, 2, 4, 16, 64 and 256 minutes for the analysis of 
sulfate distribution in the pipe.  
 
Mass transport in both the bulk liquid layer and biofilm layer was a function of 
the diffusion rate of the substrates (sulfate, sulfide and COD) and biological 
reactions (reduction of sulfate to sulfide and consumption of COD). The 
 83 
 
biological transformation of substrates was limited entirely to the biofilm layer. 
The rates for the biological transformations of sulfate were based on Monod 
kinetics given an applied biofilm activity rate of between 1.2 to 2.8 gS m-3hr-1. 
The diffusion parameters for sulfate, sulfide and COD in the bulk liquid 
(approximated as acetic acid) were taken from published values for water at 
25˚C  (Stewart 2003).   
 
The model consisted of two sets of differential equations based off the diffusion 
equation (see appendix for details on discretization): 
 
For the bulk liquid layer (Equation 10): 
 
𝑑𝐶௡/𝑑𝑡 =  𝐷஻௅ ∗
𝐶௡ାଵ − 2𝐶௡ + 𝐶௡ିଵ
𝛥𝑥஻௅ଶ
 
Equation 10 Bulk liquid substrate diffusion differential equation 
 
For the biofilm layer (Equation 11): 
 
𝑑𝐶௠/𝑑𝑡 =  𝐷஻ ∗
𝐶௠ାଵ − 2𝐶௠ + 𝐶௠ିଵ
𝛥𝑥஻ଶ
+  𝑟𝐵𝑆(−𝐼𝐼) 
Equation 11 Biofilm substrate diffusion differential equation 
 
Where, rBS(-II) is the biofilm sulfide generation rate in gS(-II)/(m3hr) and 
rBS(-II) = ks(-II)*CS(-II)/CSO4+KSO4)*CCOD/(CCOD+KCOD) 
KCOD, KSO4 are the biofilm affinity constants g m-3, D is the substrate diffusivity 
coefficient in m2 hr-1, where Δx is the layer thickness or TL, n is the layer number 
in the bulk liquid substrate and m is the layer number in biofilm.  
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The entire system was solved using Matlab® (Mathworks, United States) ode23t 
stiff/trapezoidal solver with a variable time step applied which is a one-step 
solver, and therefore only requires the solution at the preceding time point as 
its input. The criterion for determining variable timestep lengths was calculated 
by the matlab solver with a relative tolerance of 1e-3. 
 
Figure 17 Visual representation of diffusion model. Treating the pipe centerline as the datum, the 
model has sectioned the biofilm into 10 evenly distributed layers and the bulk liquid substrate into 
300 layers of 100 µm.  A 20 mm thick section was added 
When pumping resumes in a pressure main the resulting turbulence can be 
expected to eliminate diffusion limitations for sulfate. Under those 
circumstances, it is still appropriate to use rate equations that do not consider 
sulfate availability to be rate limited due to diffusion. 
3.4 Results and Discussion 
3.4.1 Operational Conditions 
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Except for hydrogen sulfide, the average influent wastewater characteristics are 
typical for domestic wastewater (Table 4). The head works of the treatment 
plant receives discharges from several large pressure mains and therefore the 
concentration of dissolved sulfide was higher in the influent wastewater then 
would be considered typical. However, at the concentration range observed in 
this study, sulfide is not expected to be inhibitory to sulfur reducing bacteria 
(Reis et al. 1992). The experimental results are therefore unlikely to be affected. 
 
The influent temperatures of the wastewater exhibited diurnal variations with 
the highest observed temperatures occurring in the afternoon (Table B.1). 
Average wastewater temperatures decreased as the trials progressed from 
May to July following typical temperature pattern in the southern hemisphere. 
 
Table 4 Average wastewater influent characterization for the test periods of the pilot scale studies, 
measured from influent pressure mains sample port. 
 
An extended monitoring period was completed while the pilot systems operated 
at its default pumping set points. The data from the monitoring period was used 
to observe the pressure main behaviour under normal operating conditions. 
Both the influent and effluent sulfide concentrations at the pilot system pressure 
main were observed to fluctuate diurnally. Dissolved sulfide concentrations 
were generally highest during the midday period and lowest in the early morning 
(Figure 18). 
 May June July 
Sulfide (mg S L-1) 21±6 18±5 22±5 
Sulfate (mg S L-1) 42±4 35±6 37±6 
CODS (mg L-1) 405±40 380±35 370±35 
CODT (mg L-1) 1140±150 1050±200 1130±40 
 86 
 
 
Figure 18 Typical sulfide concentration profile at pilot system under a 60 minute pumping 
frequency. 
 
The wastewater pH also displayed a diurnal variation with daily variance of 
approximately 0.1 unit with the mean of 6.9 units (Figure B.2.).  
 
3.4.2 Effects of pumping frequency 
 
The observed differences in the influent and effluent sulfide concentrations 
confirmed that changing the length of the quiescent periods by modifying the 
pumping frequency has a significant impact on sulphide generation by SRB 
containing biofilms (Figure 19, Figure B.3., Figure B.4.). The daily total sulfide 
generation rate for the pressure main was highest in the 30-minute pumping 
interval test case and decreased as the pumping interval increased to 60 and 
120 minutes (Table 5). The total sulfide generation rate was observed to 
decrease by an average of 25±9% from the 30 minute to 60 minute pumping 
frequency and 43±11% from the 30 minute to 120 minute pumping frequency. 
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Figure 19 Modelled sulfate, soluble COD and sulfide concentration profiles following 
commencement of still conditions for a test scenario with an initial bulk sulfate concentration of 
35 mg L-1, CODs of 400 mg L-1 and total sulfide of 25 mg L-1. 
 
Table 5 Aerial sulfide generation rates by pumping frequency (gS m-2 day-1) 
 
Repeated diurnal variations in the influent and effluent sulfide concentrations 
are present on most testing days. The daily variations in effluent sulfide 
concentrations corresponded with the variations in influent wastewater quality 
with respect to both the influent sulfide concentration and influent wastewater 
 May June July 
30 Minutes 2.8±0.1 2.4±0.2 2.4±0.3 
60 Minutes 2.0±0.5 1.9±0.1 1.8±0.3 
120 Minutes 1.6±0.4 1.5±0.1 1.2±0.4 
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temperature.  Temperature is widely recognized to be a significant factor 
controlling SRB kinetics (Sharma et al. 2008b). The incoming wastewater 
sulfide concentrations and the generation rate of sulfide inside the pilot system 
pressure main were both affected by temperature. The daily sulfide generation 
rate was found to decrease as the test cases moved into local winter conditions 
with average wastewater temperature (Nielsen and Hvitved-Jacobsen 1988) 
decreasing by approximately 2.0˚C from May to June and a further 1.5˚C from 
June to July. While significant daily variations in the effluent sulfide 
concentration were observed to coincide with the influent variations, the influent 
sulfide concentration was not observed to have a direct impact on sulfide 
generation.  
 
Since the HRT was artificially held constant in between the test cases, the 
conditions in the experimental trials do not fully represent the real-world 
hydraulic conditions. Pumping stations whose pumping frequency has 
decreased because of the reduction in incoming flow will experience a 
proportional increase in the HRT. The reductions in flow required to change the 
pumping frequency from 30 minutes to 60 or 120 minutes increases the 
average HRT from 3.4 hours to 6.8 and 13.6 hours respectively. The increased 
HRT can be expected to influence the daily sulfide generation and effluent 
sulfide concentrations. Quantifying the impact requires knowledge of the exact 
rate of change in instantaneous sulfide generation during quiescent conditions. 
 
 
3.4.3 Temporal and spatial substrate distribution modelling 
 
Predicted substrate availability at the biofilm surface was computationally 
modelled to evaluate the progression of rate limiting conditions in the sewer 
main and to quantify how the instantaneous sulfide generation rate changes 
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during the length of a quiescent period. The substrate concentrations of both 
sulfate and organic carbon were modelled over time against its distance from 
the biofilm surface. The initial modelled scenario represented a fixed location in 
the influent section of the experimental pressure main. With an initial bulk 
sulfate concentration of 35 mg S L-1, the model predicted that the sulfate 
concentration at the biofilm/water interface becomes depleted to below 2 mg S 
L-1 in 7 minutes and 0.1 mg S L-1 in 13 minutes (Figure 20). Rapid consumption 
of soluble organic carbon also occurred, however in the modelled scenarios, 
the soluble organic carbon concentrations never depleted completely at the 
biofilm – liquid boundary. After four hours of quiescent conditions the predicted 
interface concentration for CODs remained above 330 mg L-1 while the sulfate 
concentration was close to zero. The depletion of sulfate at the biofilm – liquid 
boundary resulted in only marginal decreases in the sulfate concentration at the 
pipe centreline. The model indicates during the periods of no pumping, once 
dispersion by advection diminishes, sulfate availability at the biofilm boundary 
is severally diminished as the mass transport rate by diffusion is much lower 
than the maximum sulfate reduction rate in the biofilm. 
 
 
Figure 20 Sulfide concentration plots for all three test cases during the July trials. Similar 
concentration profiles were observed for the May and June trials (Figure B.3., Figure B.4.). 
 
Because of the initial rapid exhaustion of dissolved sulfate at the biofilm - liquid 
boundary, sulfide generation becomes disproportionally limited to the beginning 
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of the quiescent period (Figure B.5.). The model predicts that for any pumping 
frequency resulting in a period of no mixing of under three hours, as much as 
60% of the total sulfide generation occurs in the first 20 minutes of still 
conditions. 
 
By reinitializing the model with the output data from previous scenario runs, the 
model can be extended to predict the changes to sulfate availability and sulfide 
generation over periods of multiple pumping events. The model was modified 
to run 7, 4 and 2 sequences of consecutive pumping events for each of the 30, 
60 and 120 minute pumping frequency tests cases respectively (Figure 21). 
This was equivalent to the experimental pumping conditions at the pilot systems 
with an HRT of 3.5 - 4.0 hours for each computational test case.  
 
 
Figure 21 Average sulfide generation rates for both experimental cases and from the 
computational substrate diffusion and uptake model. 
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For each test case the model predicted an average daily sulfide generation rate 
that closely matched the observed trends from the experimental runs with a 
difference of 0.2 to 0.23 g m-2 day-1 for each test case. 
 
Manual adjustment of the pumping frequency at a pumping station can be 
accomplished by changing the on/off pumping height set points for the wet well. 
If wastewater flows remain constant the pumping frequency can be changed 
without altering the HRT of the pressure main. However, when reductions to 
influent flows occur due to upstream water conservation the pumping frequency 
will decrease while the HRT increases.   
 
The model was used to estimate the changes to the sulfide generation rate and 
the average effluent sulfide concentration in relation to changes to the pumping 
frequency under variable HRTs due to reductions in flow as a result of water 
conservation (Table 6).  
 
Even as HRT increased, the predicted average daily sulfide production still 
decreased with reductions to influent flows. The relative decrease was greatest 
for systems with higher initial HRTs. Transitioning from an HRT of 1.7 hours to 
3.4 hours was predicted to decrease the average daily effluent sulfide output 
by 33±0.6% while a transition from an HRT of 3.4 hours to 6.8 hours decreased 
the average daily effluent sulfide output by 41±1.7% for all tested pumping 
frequencies (Table 6).  
 
Increases to the HRT were predicted to result in higher effluent sulfide 
concentrations. Effluent sulfide concentrations increased by 30±2% and 17±5% 
for an HRT increase of 1.7 to 3.4 hours and of 3.4 to 6.8 hours respectively 
(Table 6). The increase to the effluent sulfide concentrations occurs since the 
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decrease in the average daily sulfide generation rate is less than the reduction 
to total flow.  
 
Table 6 Predicted daily average sulfide generation (gS m-2 day-1) and effluent sulfide 
concentrations (mg S L-1) under varying pumping frequencies and varied HRTs. 
 HRT (Hours)  
Pumping Frequency 1.7 Hours 3.4 Hours 6.8 Hours  
15 minutes 6.3 4.8 - gS m-2 day-1 
 17.8 27.3 - mg S L-1 
30 minutes 5.4 4.2 2.8 gS m-2 day-1 
 15.2 24 31.9 mg S L-1 
60 minutes 4.2 3.6 2.4 gS m-2 day-1 
 11.9 20.1 27.2 mg S L-1 
120 minutes - 2.8 2.2 gS m-2 day-1 
 - 15.6 24.4 mg S L-1 
 
The model predictions indicate that for a system receiving less flow due to water 
conservation, effluent waste water will be discharged with higher 
concentrations of dissolved sulfide, however, because the number of daily 
discharge events decrease, less sulfide will be discharged into the receiving 
sewer overall. As a result, mass dependent processes such as sewer corrosion 
will likely benefit from the change in flow conditions while intensity-based issues 
such as odor will remain problematic and may even worsen. 
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3.4.4 Consequences for sewer infrastructure 
Both the experimental and the model-based data supports that the onset of still 
conditions represents a period of low sulfide generation for intermittently 
pumped pressure mains. The reduction of sulfate to sulfide instead mostly 
occurs during periods of active mixing and immediately following the cessation 
of a pumping event. As a direct consequence, the total sulfide generation rate 
for a pressure main can be strongly influenced by the characteristics of its 
pumping pattern. Since mixing events re-establish substrate availability at the 
liquid - biofilm boundary, minimizing the number of pumping events can greatly 
decrease overall sulfide generation.  
 
Efforts in water conservation can be expected to decrease total sewer flows 
and reduce pumping frequency at intermittent pressure mains. The resulting 
decrease in the pumping frequency will substantially decrease the pressure 
mains average sulfide generation rate with the potential to greatly reduced 
downstream impacts. Additionally, there is opportunity to decrease sulfide 
generation at pumping stations that have additional storage capacity or where 
pumping set points are under-optimized. The observed reductions in sulfide 
generation are sufficiently large that even minor decreases to the pumping 
frequency results in beneficial reductions in sulfide loadings for downstream 
gravity sewers.   
 
Operators can expect water conservation measures will have a beneficial 
impact on the reliability of their sewer networks stemming from the reductions 
in sulfide generation even as HRT increases in pressure mains. It should be 
noted however, that in this study, if HRT increased due to reduced network 
flows, effluent sulfide concentrations began to increase even as overall sulfide 
production declined. This may result in more intense odors, particularly in 
locations with pre-existing issues. 
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3.5 Conclusions 
The impact of the variation in sewer main pumping frequency on the average 
total sulfide generation in a rising main sewer was investigated through a pilot 
as well as a model-based study. The following conclusions were drawn. 
 
 Sulfide generation mostly occurs during and immediately following a 
pumping event because sulfate quickly reaches rate limiting 
concentrations at the liquid biofilm boundary under the quiescent 
conditions. 
 Less frequent pumping results in a substantial decrease in sulfide 
generation. This is supported by both the experimental results as well as 
model-based analysis. 
 To decrease the sulfide loading to downstream gravity sewers, pumping 
station design should aim to reduce pumping frequency by as much as 
it is reasonably feasible without affecting hydraulic performance of the 
system. 
 Reductions in waste water flows due to water conservation will 
substantially decrease downstream sulfide loading but as the hydraulic 
retention time lengthens, effluent sulfide concentrations will increase. 
 
3.6 Notation 
𝐵𝑂𝐷ହ biochemical oxygen demand gBOD m-3 
𝑐 correction coefficient (unitless) 
D substrate diffusivity coefficient in m2 hr-1 
KCOD biofilm COD affinity constants g m-3 
KSO4 biofilm SO4 affinity constants g m-3 
m layer number in biofilm 
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n layer number in the bulk liquid substrate 
𝑅஻𝑆(ିூூ) biofilm sulfide generation rate in gS(-II)/(m3hr) 
𝑆𝑂ସ sulfate concentration g m-3 
VL is the layer volume in m3 
𝑉ௌ mean velocity of wastewater flow during pumping m s-1 
𝑉௦ effective mean velocity over the entire pump operation cycle m s-1 
Δx or TL modelled layer thickness (biofilm or bulk liquid) in m 
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4. Chapter 4: Changes to Sulfide Transformations in 
Sewers from Increased Organic Carbon Concentrations 
due to Water Conservation. 
4.1 Abstract  
Sanitary sewers in catchments implementing water sustainable practices 
experience changes to hydraulic flows and wastewater quality. The solids 
concentrations and organic carbon concentrations of wastewater increase as 
overall water usage decreases. The impact on sewer reliability from future 
changes to organic carbon concentrations, due to community water 
conservation was investigated using a large scale experimental sewer system 
in tandem with an experimentally calibrated computational sulfide sewer model. 
Overall, the impact from an increase in the organic carbon concentration of 
wastewater was predicted to be minimal in pressure mains. Effluent sulfide 
concentrations were not predicted to increase by more than 0.1 mg S L-1 km-1 
for most pressure main designs. In most gravity pipes systems, an increase to 
the organic carbon concentration also had a limited effect on downstream 
sulfide concentrations. However, low slope, low flow pipes with pre-existing 
influent sulfide present at concentrations above 5 mg S L-1 were predicted to 
experience detrimental effects with peak gas phase hydrogen sulfide 
concentrations increasing by between 150 to 260 ppm. The results of this study 
indicate that most sections of a sewer network will not experience adverse 
effects from water conservation related increases to organic carbon 
concentrations. However, areas with small capacity, low slope pipes suffering 
from pre-existing sulfide issues will require additional attention. 
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4.2 Introduction  
 
In many communities, municipal sewer infrastructure has experienced a 
substantial reduction in hydraulic flows due to water conservation initiatives and 
changes in residential behaviours. There are multiple downstream 
consequences from reductions in hydraulics flows, such as changes to the 
hydraulic retention times of wastewater in sewers, changes to re-aeration rates 
and increases to the concentrations of solids and organic carbon (Cook et al. 
2010, Marleni et al. 2012).  The effect of changes to hydraulic residence time 
on sulfide production and emissions in sewers has been investigated in 
previous studies (Shypanski et al. 2018, Sun 2014). However, the effect of 
changes to the composition of the wastewater particularly, organic carbon 
concentrations, that accompanies reductions in sewage flow has not been 
investigated to date. It is possible that increases in the organic carbon 
concentrations could further impact the in-sewer sulfur transformation 
processes, and consequently sewer corrosion and odour issues. 
 
The formation and transport of hydrogen sulfide in sewer networks has been 
reported to be dependent on the organic carbon concentration in the 
wastewater (Nielsen and Hvitved-Jacobsen 1988). For sulfide generation, 
organic carbon can be a biological rate limiting substrate (Boon and Lister 1975, 
Nielsen et al. 2005a, Nielsen and Hvitved-Jacobsen 1988, Thistlethwayte 
1972). Because of the odorous and toxic nature of hydrogen sulfide gas, any 
detrimental changes to its production and dispersion in a sewer network is 
concerning. In addition, because hydrogen sulphide is corrosive to concrete 
and metal, an increase in hydrogen sulphide can reduce the operational 
lifespan of sewer lines. To determine the long-term impact of water 
conservation on sewer infrastructure the effect of changing organic carbon 
concentrations on hydrogen sulfide generation and dispersion should be 
quantified.  
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An increase in the organic carbon concentration may also impact hydrogen 
sulfide oxidation rates in gravity mains. Liquid phase hydrogen sulfide loss in 
gravity mains occurs due to a combination of air phase emission, biological 
oxidation and chemical oxidation (Sharma et al. 2008b, Thistlethwayte 1972). 
Both biological and chemical oxidation kinetics are a function of the dissolved 
oxygen concentration in the bulk liquid (Nielsen et al. 2005b, Nielsen et al. 
2006). In addition to liquid-air phase mass transfer, dissolved oxygen 
concentrations are affected by the oxidation of organic carbon by heterotrophic 
microorganisms in sewer biofilms and in the bulk liquid. Consequently, 
increased organic carbon concentrations may increase the oxygen 
consumption rate and hence lower dissolved oxygen concentrations. This could 
in turn reduce the in-sewer sulfide oxidation rate, leading to increased 
downstream sulfide concentrations.  
 
This study investigated the potential for increases to sewer hydrogen sulfide 
concentrations due to increases in the uptake of water sustainable practices 
with a focus on changes to organic carbon concentrations. Experimental 
studies were performed to determine the effect on hydrogen sulfide discharge 
concentrations from pressure mains and the changes to downstream hydrogen 
sulfide concentrations in gravity mains. Based on the experimental data, a 
computational sewer sulfide model was used to evaluate the impact of water 
conservation and organic carbon concentrations on effluent sulfide 
concentrations. The model predicted the effects on sulfide generation and 
oxidation rates in gravity sewers and pressure mains. The model then 
evaluated both individual sewer and network scale impacts. The results quantify 
the relative importance of changes to CODs on hydrogen sulfide generation 
and oxidation due to decreases in flow after adoption of water sustainable 
practices in a catchment. 
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4.3 Materials and Methods 
4.3.1 Pilot sewer set-up for experimental data collection 
 
The experimental data was collected from a pair of experimental gravity driven 
pipes and a set of pressurized fully filled pipes. The pressure main experimental 
set-up consisted of two parallel 240 meter, 100 mm internal diameter, PVC 
pressure mains (Figure 13). The gravity main experimental set-up consisted of 
two parallel 300 meter, 225 mm internal diameter PVC sewer grade pipes that 
sloped at an angle of 0.56% (Figure 9). The sewer pipes were installed at the 
Queensland Urban Utility’s Innovation Centre located at the Luggage Point 
Waste Water Treatment Plant (LP-WWTP). 
 
The raw wastewater fed to the sewer pilot sewer pipes were taken from the inlet 
of the LP-WWTP. Pressure main set-up and operation was similar to the 
methodology described in section 3.3.1 (Figure 13) but with a few key 
differences. Both the experimental and control pressure lines were operated 
and monitored during the testing periods. The pressure mains operated on a 
constant pumping schedule of 2 minute pumping events on a one hour interval 
with a total flow rate of 275 L sec-1. The pumping set points corresponded to an 
in-pipe liquid velocity of 0.6 m s-1 and a hydraulic residence (HRT) of 3.4 hours. 
The in-pipe velocity was chosen since it was considered sufficient to achieve 
self-cleaning of the pipes, while the HRT was within the typical range HRTs for  
municipal pressure mains and is consistent with previous experiments 
undertaken at the pilot plant (Liu et al. 2015, Metcalf et al. 2003, Shypanski et 
al. 2018).  The control line received raw wastewater with high organic carbon 
concentrations while the experimental line received wastewater that was diluted 
by specific ratios to simulate higher rates of household water use. The change 
in sulfide generation was compared between the two lines to quantify 
differences in production at various wastewater organic carbon concentrations. 
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The experimental gravity study also consisted of a control and an experimental 
sewer line to provide direct comparison of sulfide total oxidation rates (Figure 
9). The gravity system was configured to recirculate the wastewater 
continuously in both lines. Like the pressure main study, the control line 
received raw, high organic carbon concentrations wastewater while the 
experimental line received various dilutions of wastewater. During recirculation, 
changes to the liquid phase sulfide concentration, gas phase hydrogen sulfide 
concentrations and dissolved oxygen concentrations were monitored in both 
lines. The sulfide concentration trends from the experimental and control lines 
were used to calibrate and confirm the re-aeration and oxidation rate 
parameters of the computational sewer sulfide model. 
 
4.3.2 Wastewater 
 
The organic carbon concentrations, measured as soluble Chemical Oxygen 
Demand (CODS) and total COD (CODT), the volatile fatty acids (VFAs) 
concentrations, and sulfate and sulfide concentrations for the influent 
wastewater used in this experimental study are summarised in Table 1. The 
CODS and CODT concentrations were higher than those typically reported in 
literature (Metcalf et al. 2003, Nielsen et al. 1992). Southeast Queensland, 
where the LP-WWTP’s catchment is located, experienced a severe drought 
during the period of 2000 – 2009 (Dijk et al. 2013). In this period, water 
restrictions were introduced, which reduced water consumption both during and 
after the drought. At the time of this study, wastewater use was recorded to be 
in the range of 150 – 180 L day-1 per person (LPCD) and represented an 
approximate 50% reduction from pre-drought usage of 300 – 320 LPCD 
(SEQWater 2017). In contrast, the sewage sulfate concentration did not change 
significantly, as most of the dissolved sulfate in sewage originated from drinking 
water (Pikaar et al., 2014). As such, the undiluted LP-WWTP sewage used by 
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the control line in this study represented sewage produced at reduced water 
consumption.  
 
Table 7 Characterization of raw sewage and tertiary effluent (mg L-1) 
 
Wastewater Tertiary Effluent 
Sulfide (mg L-1) 10-25 Not Detected  
Sulfate (mg L-1) 15-25 20-25 
CODs (mg L-1) 200-350 < 25 
CODT (mg L-1) 600-1250 < 25 
VFA (mg L-1) 60-85 0.5 
Influent Temperature (˚C) 24-29 -  
 
To mimic sewage produced at higher water consumption rates, treated tertiary 
effluent produced at LP-WWTP, was used to dilute the raw sewage (see 
Section 2.3 for details). As shown in Table 1, the tertiary treated effluent had a 
sulfate concentration that is comparable to that in drinking water in this region 
(Pikaar et al., 2014), and a total COD of less than 25 mg L-1. This meant that a 
mixture of the raw sewage and the tertiary effluent should adequately simulate 
sewage produced at higher water consumption rates. 
 
4.3.3 Experimental design 
 
The experimental study comprised of two parts: 
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 a pressure main study where sulfide generation was the dominating 
sulfur transformation process, and  
 a gravity main study where sulfide oxidation and sulfide mass transfer 
into the air phase were the dominating sulfur transformation and 
transport processes.  
 
Pressure main study 
 
In the pressure main study, both pressure main pipes were operated for 4 
months with the raw LP-WWTP sewage as the feed, before the experiments 
were started. In the experimental period, one pressure main was used as the 
control line, which continued to receive the raw, unmodified wastewater at a 
rate of 275 L min-1. In the experimental line, tertiary effluent was pumped into 
the pipe together with the raw sewage, at the following mixing ratios in three 
different experimental periods: 
 
1) Period I: 40 L min-1 of tertiary treated effluent and 235 L min-1 of raw 
wastewater 
2) Period II: 80 L min-1 of tertiary treated effluent and 195 L min-1 of raw 
wastewater 
3) Period III: 140 L min-1 of tertiary treated effluent and 140 L min-1 of raw 
wastewater 
 
It is important to note that the combined flow rates in all periods were identical 
to those applied to the control line. This design allowed for the assessment of 
the effect of changed sewage composition on sulfide generation, without 
interference by the effect of changed flow rates and HRT. 
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The test trials for each organic carbon concentration were completed over a 
three-month period in mid-2016. The length of each trial ranged from 12 to 120 
hours depending on sensor and sampling equipment performance. Any sample 
periods that experienced a sampling failure prior to collecting a minimum of 12 
hours of uninterrupted data was discarded then restarted. None of the tests 
exceeded 120 hours because reliably could not be maintained over weekend 
periods without direct supervision.   
 
Dissolved sulfide concentrations were monitored using two UV-VIS 
spectrometer probes (spectro::lyser, Messtechnik GmbH, Austria), measuring 
bisulfide concentrations at a one minute frequency. Unit 1 was connected to the 
influent and effluent sample ports of the control line while unit 2 was connected 
to influent and effluent ports of the experimental line. Otherwise the general set-
up, including pump connections and pH probe placement as outlined in section 
3.3.1 and 3.3.2. 
 
In pressure mains, the average influent dissolved sulfide concentration from the 
online UV-VIS spectrometer data was determined from samples taken 2, 4 and 
6 minutes after pumping commenced. The effluent dissolved sulfide 
concentration was defined as the average concentration calculated from the 
last 6 minutes of sample data (3 sample points) prior to the next pumping event.  
 
To calculate the daily total sulfide production in the pressure mains, the 
difference between the average influent and effluent sulfide concentrations in 
the study period were multiplied by the total daily flow. The average biofilm 
surface specific sulfide production rate was calculated by dividing the daily 
production rate by the total biofilm surface area in the 240-meter pipe section. 
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Gravity main study 
 
For the gravity sewer study, wastewater was recirculated in the two sewer lines 
and the changes to the gas phase and liquid phase sulfide concentrations, as 
well as, the dissolved oxygen concentrations were measured. The 
infrastructure supporting wastewater recirculation is detailed in section 2.3.8. 
Recirculation was required to provide a longer hydraulic retention time to enable 
detection of changes in sewage characteristics. The sewage retention time in 
one loop of the pipe was only 7 minutes. Recirculation increased the total 
sewage retention time to 1.5 hours, which resulted in measurable changes in 
wastewater quality.  
 
Both gravity lines were set to receive a constant flow rate of 125 L min-1. This 
corresponded to an in-pipe liquid velocity of 0.6 m s-1 and a liquid depth of 30 
mm. The control received raw, unmodified sewage, while the experimental line 
received a mixture of the raw sewage and tertiary effluent, including:  
 
1) Period I: 20 L min-1 tertiary treated effluent and 105 L min-1 raw 
wastewater 
2) Period II 40 L min-1 tertiary treated effluent and 85 L min-1 raw wastewater 
3) Period III: 60 L min-1 tertiary treated effluent and 65 L min-1 raw 
wastewater 
 
Each experimental period began with the operation of the gravity lines without 
recirculation for 30 minutes with raw wastewater in the control line and the raw 
wastewater-tertiary effluent mix in the experimental line. Both lines were 
sourced from the main supply pumps. This ensured a uniform wastewater 
composition throughout the sewer. After 30 minutes, the main supply pumps 
were disabled and two Lowara CO350-11 centrifugal recirculation pumps 
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(Lowara Pumps, Australia) transferred captured effluent wastewater back to the 
entrance of the gravity line sewers, thus recirculating the wastewater. The 
systems were operated in recirculation mode for the duration of the experiment 
(1.5 hours). Two sets of trials were completed. The first set of experiments were 
run in November-December 2016 and the second set of experiments were run 
in January 2017. 
 
For both gravity lines, sample ports at the influent and effluent ends of each line 
were used for real-time wastewater characterization and for grab samples. The 
influent ports were located 1 meter downstream of the pipe influent entry points 
and the effluent ports were located 295 meters downstream of the influent pipe 
entry. Both ports consisted of a 12 mm tapped valve located at the base of the 
pipe invert. Measurements followed the same protocols utilized for the pressure 
mains methodology. Influent sulfide was measured for 10 minutes prior to the 
initialization of the trial to establish the initial influent sulfide concentrations. As 
soon as recirculation commenced sampling switched exclusively to the effluent 
sample port located 290 meters downstream of the influent pipe entry. 
Measurement frequency by the UV-VIS probe remained at once every 1 minute. 
 
Each gravity line had a gas phase hydrogen sulfide sensor located 2 meters 
from the discharge point (Odalogger L2, Thermo Fisher, United States). The 
headspace sulfide extraction rate was calculated as a function of the 
headspace area, the headspace velocity and the hydrogen sulfide 
concentration. 
 
Grab samples for the recirculation trials were collected for analysis of dissolved 
sulfur species, CODs and CODT for each testing period from the influent ports 
at zero minutes into recirculation and from the effluent sample ports, 30, 60 and 
90 minutes into recirculation. 
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Chemical Analysis 
 
The samples were analysed by ion chromatography using the preservation and 
analysis protocols outlined by Keller-Lehmann et al. (2006). Grab sample 
measurements were used to confirm on-line sensor accuracy and to determine 
sulfate concentrations. Both soluble COD and total COD were measured using 
the photometric absorption manufacturer’s standard protocols (Spectroquant, 
Merck United States). Total COD was differentiated from soluble COD by 
filtering the sample through a 0.22 µm syringe tip filter (Merck, United States). 
General wastewater characterization of the influent was accomplished with a 
LiquidID Station (Zaps Technologies, United States) located at the wastewater 
holding tank. The system measured temperature, CODT, CODs, and TSS on a 
one-minute interval. 
 
4.3.4 Model-based scenario analysis and network predictions  
 
The experimental outputs from the pilot study were limited to a single pipe 
diameter, design flow and slope and thus represents a very limited range of 
sewer design conditions. Using a well-established computational sulfide 
transformation sewer model, the analysis was extrapolated to a larger set of 
design and operational conditions receiving a range of CODs concentrations. 
The computational sewer model used in this study is a proven dynamic sulfur 
transformation model for sewers and has been field validated on multiple 
occasions with a variety of large and small sewer networks (Pikaar et al. 2014, 
Sharma et al. 2008a, Sharma et al. 2008b). To support this study, the model 
was calibrated using the experimental data provided by the sewer pilot plant.  
 
The model was then used to perform specific design scenario analysis and 
provide network scale sulfide predictions. The model provided an analysis of 
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the impacts of increases to organic carbon concentrations on the rate of sulfide 
generation, sulfide oxidation, oxygen availability and the liquid and air sulfide 
concentrations in both individual sewer sections and at the network scale.  
 
Model calibration 
The model calibration was undertaken to minimize any difference between the 
experimental sulfide concentrations and the predicted model outputs. For 
pressure pipes, calibration was completed by minimizing the mean square error 
between the observed dissolved sulfide concentrations at the outlet of the 
experimental pipe and the predicted model outputs by manually adjusting the 
biofilm sulfate reduction rate in the model. For gravity pipes, calibration was 
completed by manually adjusting the biofilm sulfide oxidation kinetic constants 
until the mean square error was minimized. 
 
Model-based systematic scenario analysis  
The model-based systematic scenario analysis focused on the effect of sewer 
design for both pressure and gravity mains by individually assessing single 
2000 meter lengths of pipe with design configurations that varied slope, 
diameter, flow and the dissolved sulfide concentration (Table 16). Sulfide 
reduction and oxidation processes in the specific sewers were then 
differentiated by the pipe design.  
 
Table 8 Design parameters for gravity pipe sulfide assessment 
Parameter Set Points 
Diameter Gravity 225, 300, 375, 450, 600, 750, 1000, 2000 mm  
Slope  0.0025, 0.005, 0.01, 0.02, 0.04 m m-1 
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Mean Flow  5, 10, 20, 50, 100, 200, 400 L sec-1 
Feed Sulfide 
Concentration  
0, 2, 5, 10, 20 mg S L-1 
Feed DO Concentration 1 mg L-1  
   
The design configurations used in the model meet the required flow velocity 
and flow depth requirements stipulated in the Australian sewer design codes 
for gravity and wastewater pumping stations (Wsaa 2002, 2005). A total of 2400 
design combinations were modelled that met the applied criteria.  
 
In the pressure main analysis only, the station design flow capacity for a 1000 
meter length of pressure main pipe was manipulated. The wet well capacity, 
pipe diameter and pump capacity were a function of the design average dry 
weather flow (ADWF) (Table 9).  Model simulations of the pressure main were 
completed for four CODs wastewater concentrations. The difference in the 
average sulfide concentration and mass discharge rates were predicted for 
each organic carbon concentration and compared against a designated 
‘normal’ flow baseline condition. 
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Table 9 Pressure main design configurations for set design ADWF conditions 
ADWF  
(L sec-1) 
Pipe 
Diameter 
(mm) 
Wet Well 
Volume 
(ML) 
 
Pump 
Rate (L 
sec-1) 
5 225 6 60 
10 300 10.5 110 
20 375 21 165 
50 600 52.5 425 
100 825 105 800 
200 1200 210 1700 
 
In addition to different design configurations for the modelled pressure mains 
influent sulfate concentrations were also varied. Each pipe design was 
modelled with influent sulfate concentrations of 2, 5, 10 and 20 mg/L.   
 
Network simulation 
 
While the analysis of individual pipe design configurations covered a wide range 
of sewer conditions, real sewer networks generally employ a smaller set of 
sewer designs, whose selection depends on flows and topography. As a result, 
while a systematic assessment provides a good representation of the range of 
potential impacts due to increasing organic carbon concentration in 
wastewater, it likely over represents the rate of occurrence for such design 
configurations in real world networks. The sewer network was modelled with 
constant influent flow rates but with varying organic carbon concentrations. The 
range of applied COD concentrations covered a range of wastewater quality 
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conditions encompassing both pre-drought and post drought water usage rates 
(Table 10).  
 
The sewer network used in this case study was also adapted from the work of 
Pikaar et al. (2014). The model was previously used to evaluate the use of 
integrated urban water management for reducing sewer corrosion (Pikaar et al. 
2014, Sharma et al. 2008a). The network encompasses a residential sewer 
catchment serving approximately 25,000 households. The catchment has a mix 
of both gravity and pressure main pipes with diameters ranging from 300 to 
1200 mm. Average effluent flow at the catchment model boundary was 
approximately 60 L s-1.  
 
Five network scenarios were modelled to represent different levels of 
wastewater organic carbon concentrations due to water conservation. The 
scenarios included a baseline case, defined as the organic carbon 
concentration prior to the initiation of any water sustainable practices in the 
catchment, and then four cases that represented an increase in organic carbon 
concentrations by a factor of 1.2, 1.4, 1.7 and 2.0, which is roughly proportional 
to a decrease in total wastewater of 15, 30, 40 and 50%.  
 
The organic carbon concentrations inputs into the model were based on the 
observed concentrations in the receiving wastewater for the pilot plant at the 
Luggage Point WWTP and the reported changes in residential water use in the 
catchment since the start of water conservation (Table 10) (Water 2016). Pre-
drought water use in the upstream catchment was between 300 to 350 LPCD 
(Beal et al. 2011). At the time of the study, due to water conservation initiatives 
and changes to user behaviour, the average per capita waster use was reported 
to be 167 L day-1 per person for a total reduction of 135 – 185 L day-1 per person 
(Water 2016). 15% of the reduction to water consumption was attributed to 
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reduced residential irrigation rates. The reduction to sewer flows since the pre-
drought period is therefore estimated to be between 35 to 45%.  
 
Table 10 VFA, COD total and COD soluble concentrations used for network sulfide model at 
different percent flow reductions due to water conservation. 
Scenario CODT (mg L-1) CODS (mg L-1) VFA (mg L-1) 
Baseline 450 150 45 
1.2X Increase 530 175 50 
1.4X Increase 650 225 65 
1.7X Increase 750 250 75 
2.0X Increase 900 300 90 
 
The values for the concentrations of sulfate, initial dissolved oxygen, dissolved 
nitrate, phosphate, temperature and pH were taken from the previously 
reported computational model for the catchment (Pikaar et al. 2014). 
Concentrations were kept constant for each testing scenario since that data 
was field verified.  
 
4.4 Results and Discussion 
4.4.1 Experimental Observations of Pressure Main Performance under 
Varied Organic Carbon Loadings 
 
The pressure main experimental study commenced with observations of 
baseline sulfide generation rates from the experimental and control lines while 
both received raw wastewater without any dilution. Based on the changes to 
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the waste water sulfide concentrations, the sulfide generation rates in the two 
lines were nearly identical when receiving wastewater of the same quality. The 
average total sulfide generation rate was 1.11±0.06 and 1.20±0.07 g S m-2 day-
1.  The average dissolved sulfide discharge concentrations were 6.5 mg S L-1 
higher than the influent dissolved sulfide concentrations (Figure C.1.).  
 
The sulfide generation rate in the pressure mains varied over the duration of the study period, 
ranging from a maximum of 1.75±0.14 g S m-2 hr-1 to 0.55±0.04 g S m-2 hr-1 in the control line ( 
 
 
 
 
 
 
 
 
 
Table 11). Ultimately, variations in wastewater temperatures, ambient temperatures and 
precipitation in the sewer catchment network had significant effects on the sulfide production rate 
in the pressure mains. Variation in wastewater quality during the experimental period was 
addressed by comparing the experimental line performance to control line. Although rates varied 
over the study period, in general the calculated generation rates between the experimental and 
control lines were not significantly different ( 
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Table 11). The observed differences were close to or below the measurement 
error.   
 
 
 
 
 
 
 
 
 
 
 
Table 11 Total sulfide production rates in pressure main under varied organic carbon loadings (g 
S m-2 day-1) 
Scenario Trial # Control Line Experimental 
Line 
Δ Net 
Generation 
Baseline  1 1.20±0.07 1.11±0.06 0.9±0.13 
 2 1.04±0.09 1.06±0.09 0.02±0.18 
15% dilution 1 0.98±0.10 0.98±0.05 0.0±0.15 
 
2 1.62±0.12 1.74±0.14 -0.12±0.26 
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  3 0.55±0.04 0.58±0.07 -0.04±0.11 
30% dilution 1 0.89±0.09 0.96±0.09 -0.07±0.18 
 
2 0.79±0.05 0.91±0.07 -0.12±0.12 
  3 1.30±0.11 1.21±0.11 0.09±0.21 
50% dilution 1 1.26±0.09 1.35±0.07 -0.09±0.16 
  2 1.28±0.07 1.40±0.07 -0.12±0.14 
  3 1.19±0.05 1.27±0.09 -0.08±0.14 
 
The results indicate that a further increase in organic carbon has a minimal 
effect on sulfide generation in the pressure main. This is because even under 
‘normal’ flow conditions the organic carbon concentration is above rate limiting 
concentrations. Thus, an increase in organic carbon does not change the 
sulfide generation rate. Rather, the sulfide generation is controlled by the kinetic 
of sulphate reduction rates in pipe wall biofilm. Several sewer studies have 
observed rate limited effects for CODs to occur below 200 mg L-1 (Hvitved-
Jacobsen et al. 2013, Nielsen and Hvitved-Jacobsen 1988, Nielsen et al. 1998). 
This study had reached CODs concentration as low as 140 – 150 mg L-1, which 
is below the previously reported concentration, but an effect on sulfide 
generation was not observed. These experimental results are not applicable to 
systems with very dilute wastewater as rate limiting effects are more likely to 
take place below 150 - 200 mg L-1 CODs. However, the results indicate that in 
catchments with wastewater that is already high in organic carbon, or at 
concentrations that are close to rate limiting levels, further reductions in water 
usage will not have a major effect on sulfide generation in pressure mains.  
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It should be noted that in this study, the effect from the corresponding change 
in hydraulics associated with water conservation was not considered. The aim 
was to isolate and quantify the effect of water conservation increases to organic 
carbon concentrations. However, reductions in flow will result in increases to 
the pressure main wastewater hydraulic residence times (HRT), which has 
been shown previously to affect sulfide production (Shypanski et al. 2018). The 
overall effect is considered in chapter 5. 
 
4.4.2 Sulfide transformations in gravity sewers 
 
In the gravity lines, for the baseline recirculation tests, the difference in sulfide 
loss between the control and experimental line were smaller than the 
measurement error (Figure C.2.). Without any additional wastewater being 
introduced into the gravity mains, the recirculated wastewater had rapid sulfide 
depletion in the liquid phase (Figure 22). In most tests, by 90 minutes, the air 
phase concentrations ranged from 10 – 25 ppm and liquid phase concentrations 
ranged from 0.2-5 mg S L-1 from initial concentrations that ranged between 150-
300 ppm and 5-25 mg S L-1.  
 
The decrease in liquid phase sulfide was primarily due to mass transfer into the 
air phase. As such, the effluent gas phase hydrogen sulfide concentrations 
exceeded 200 ppm for the first 10 minutes of recirculation. With a 0.2 m s-1 
ventilation velocity during recirculation, mass transfer accounted for between 
50 – 80% of the observed decrease in liquid phase sulfide (Table 12).  
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Figure 22 Sulfide concentration profiles during recirculation Trial 1 at dilutions of 15, 30 and 50%. 
Sample ports located at pipe effluent. 
 
Table 12 Total liquid phase sulfide mass loss and loss by transfer to air phase and by oxidation in 
trial 1 
 
Total Mass Loss g S To Air g S 
 
Control  
Line 
Experimental  
Line 
Control  
Line 
Experimental Line 
Baseline 16 15.3 10.5 10.6 
15% 
Dilution 
15.7 12 10.6 5.7 
30% 
Dilution 
11.5 4.6 8.3 3.7 
50% 
Dilution 
14 5.5 7 3.8 
 
Dilution of the wastewater in the experimental line not only reduced organic 
carbon availability, but also decreased the dissolved sulfide concentrations 
resulting in a difference in the initial sulfide concentrations between the trials. 
The immediate consequence was that the rates of sulfide oxidation and oxygen 
consumption were not directly comparable between different dilutions because 
both organic carbon and dissolved sulfide contributed to the overall oxygen 
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demand.  A model-based approached was needed to separate these effects 
(see 3.3). 
 
Because of the decrease in COD and dissolved sulfide, dilution of the 
wastewater in the experimental line corresponded with an increase in the 
wastewater dissolved oxygen concentration (Figure 23). The average dissolved 
oxygen concentration increased by 0.1, 0.2 and 0.2 mg L-1 over the 90 minute 
duration of the 15, 30 and 50% dilutions tests, respectively.  
 
 
Figure 23 Dissolved oxygen concentration in second set of recirculation trials 
While dissolved oxygen concentrations were observed to increase because of 
dilution of the wastewater, the effect on sulfide oxidation in the gravity system 
was not observed. Again, a model-based approach was needed to further 
analyse the data.  
 
The simultaneous decrease in sulfide and CODs concentrations require that 
their individual contribution to changes in the oxygen demand be quantified. 
The complexity of the system required a model to account for the multiple 
simultaneous transformation and transfer processes occurring in the sewer 
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environment. Estimating the future impact of increases in organic carbon will 
be limited to model assessment, following successful calibration to the 
experimental dataset.  
 
4.4.3 Model calibration  
Model Calibration for Pressure Sewers 
 
Using the influent sulfide data and decreased COD concentrations, the model 
was calibrated to the sulfide effluent concentration curves measured during the 
pressure main trials (Figure 24). Initial model runs overestimated the sulfide 
generation potential of the pressure mains, as such, the models biofilm kinetic 
parameters were adjusted, as described in the methodology. Most critically, the 
biofilm spatial sulfide reduction coefficient was set to 2.4 g S m2 day-1 to achieve 
the lowest mean square error. 
  
Although the mean square error is relatively low, the model still displayed some 
difficulty in establishing initial chemical conditions and handling the variability in 
the effluent sulfide concentrations. The discrepancies are likely due to 
wastewater temperature variations that were not adequately represented in the 
model. In particular, sewage in the experimental pressure mains is susceptible 
to changes in ambient air temperatures. 
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Figure 24 Predicted concentration profiles superimposed on measured concentration profiles for pressure main dilution trials. 
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Model Calibration for Gravity Sewers 
 
The sewer sulfide model provided sulfide concentration profiles for six separate 
gravity recirculation trials at the three levels of dilution. For each test case, the 
model provided outputs for both the control and experimental line. 
 
Once influent conditions were established that accounted for the dilution to both 
CODs and influent sulfide, the model provided dissolved sulfide concentration 
profiles that matched the trends of the experimental trials (Figure 25). In all 
cases, the model predicted a lag phase with regards to dissolved sulfide 
concentrations that occurred for 5 – 10 minutes after recirculation started that 
was also observed in the experiments. After 10 minutes, the model then 
predicted an exponential decrease in sulfide concentrations similar to the 
experimental profiles. As observed in the experiments, the model predicted that 
the dissolved sulfide concentrations diminished due to air phase transfer or 
oxidization, with effluent sulfide concentrations decreasing to between 0.2 – 1.0 
mg S L-1 after 90 minutes of recirculation.   
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Figure 25 Comparison of model sulfide concentration predictions and experimentally observed profiles during the first and second sets of gravity recirculation trials. 
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The fit was adequate in four of the six test cases. Mean square error ranged from 0.02 
to 0.98 (mg S L-1)2 (Table C.1.). The 15% dilution trial in test set 1 and the 30% dilution 
case in test set 2 both had a mean square errors (MSE) well above the other test 
cases (Table C.1). Deviance from the experimental observation was also apparent 
visually (Figure 25).  
 
The poorest fit occurred in the 30% dilution trial for test set 1 with both the experimental 
and control line not being adequately represented by the model predictions. A poor fit 
is also observed for the test set 2, 15% dilution period control line, which also 
experienced a rapid decline in sulfide concentrations that was not replicated by the 
model. Changes to experimental conditions that were not documented, such as a rapid 
change in wastewater temperature or a change in the ventilation rate may account for 
the variance between the models and the experimental data.  
 
Although the model achieved poor replication for two of six the experimental data sets 
because the four well fit tests covered a broad range of organic carbon concentrations 
the model was deemed adequate to conduct the design scenario analyses and 
network based scenarios analysis. 
 
4.4.4 Model-based Design Scenario Analysis of Varied Wastewater Strength on 
Pressure and Gravity Mains 
Pressure sewers 
 
In the modelled pressure sewers, increases to the organic carbon concentrations were 
predicted to have negligible effect on effluent sulfide concentrations (Table 13). This 
consistent with the observations from the experimental study and with the conclusions 
from previous benchtop studies (Sun et al. 2018). 
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Table 13 Average predicted change to effluent sulfide concentrations per kilometre of pipe in pressure 
mains from increased organic carbon loading based on residential water use reductions of 15, 30, 40 and 
50%. 
Organic 
Carbon 
Concentration 
Factor 
Δ Sulfide mg L-1 km-1 
1.00X - 
1.24X 0.002 
1.40X 0.026 
1.70X 0.055 
2.00X 0.085 
 
Gravity mains 
 
The effect of changes to the wastewater COD due to water conservation measures 
were modelled for individual lengths of gravity pipes with various design 
configurations. In the models, sulfide depletion in the liquid phase commenced 
immediately after the wastewater was discharge into a gravity main. In a gravity main 
receiving wastewater with the same initial influent sulfide concentration, the timeframe 
where a difference in CODs impacted the sulphide concentration was short. 
Detrimental impacts only occurred when there was a substantial decline in dissolved 
oxygen concentrations at the location where dissolved sulfide was present. 
 
Given constant hydraulic conditions, higher concentrations of organic carbon in the 
wastewater had very small impacts on dissolved oxygen concentrations. Reaeration 
from the headspace was the dominating controlling factor for dissolved oxygen. The 
median downstream reduction to dissolved oxygen was 0.02, 0.04 and 0.05 mg L-1 
when CODs was increased by a factor of 1.2, 1.4 and 1.67 (Figure 26).  
 125 
 
 
By 2000 meters, dissolved sulfide concentrations were mostly depleted with the 
average effluent concentrations ranging between 8 to 40% (median of 20%) of the 
original influent sulfide concentration. The largest predicted differences in dissolved 
sulfide occurred at downstream distance of less than 1500 meters. The median peak 
difference in dissolved sulfide were 0.1, 0.15 and 0.2 mg S L-1 when CODs was 
increased by a factor of 1.2, 1.4 and 1.67 (Figure 26). Since dissolved sulfide 
concentrations did not change in a substantial manner, the median increase to the gas 
phase hydrogen sulfide concentrations was limited to 10 ppm. Focusing on the specific 
section of the pipe where the maximum peak hydrogen sulfide concentrations 
occurred, the change in CODs resulted in a maximum peak increase of 40 ppm (Figure 
26 and 6)  
 
Figure 26 Stacked histogram of the predicted maximum changes to dissolved sulfide, dissolved oxygen 
and peak hydrogen sulfide concentration within 2000 meter of gravity pipes at different organic 
concentrations (1.20x 1.40x and 1.67x concentration at normal flow).  
Further downstream, due to sulphide depletion in the liquid phase, the impact from 
increases in the organic carbon concentration diminishes even if dissolved oxygen 
concentrations continued to decrease. By 2000 meters, the differences between the 
predicted dissolved and gas phase sulfide concentrations were small in identical 
sewers receiving wastewater with different CODs (Figure 27). The median difference 
was less than 0.1 mg S L-1 for all test cases regardless of the CODs.  
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Figure 27 A stacked histogram of the predicted change to the average dissolved sulfide, dissolved oxygen 
and gas phase hydrogen sulfide concentrations for multiple sewer designs 2000 meters downstream of a 
sulfide discharge location. The median increase in dissolved sulfide is less than 0.1 mg S L-1 and less than 
10 ppm in the gas phase. 
 
There was some variation in output results depending on pipe design. A small subset 
of designs were predicted to have sulfide increases that were several times larger than 
the median predictions. In the upper 90th percentile, increases to the average daily 
dissolved sulfide concentrations ranged between 0.26 to 0.44 mg S L-1. This was 
equivalent to median increase of 40 ppm in the average hydrogen sulfide 
concentration and between 150 to 260 ppm for the peak hydrogen sulfide 
concentration. The higher impact generally occurred in pipes where the average 
design flow was consistently less than 10 L s-1, with slopes between 0.0025-0.005 m 
m-1 and influent dissolved sulfide concentrations above 5 mg S L-1. The magnitude of 
the impact was generally indifferent to pipe diameter.  
 
The results indicate that the magnitude of change in dissolved sulfide concentrations 
is highest in pipes with low flow, low slope and high dissolved sulfide (Table 14). The 
role of pipe diameter is more challenging to confirm because designed pipe diameter 
is almost entirely dependent on the average design flow. The role of pipe design on 
downstream sulfide and dissolved oxygen concentrations is further explored in chapter 
5. 
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Table 14 Median change to dissolved sulfide concentrations when organic carbon concentrations increase 
by a factor of 2. Increase in organic carbon concentration is equivalent to Brisbane catchment decreasing 
per capita water usage from 320 L day-1 to 160 L day-1 
FLOW L s-1  5 10 20 50 100 200 400 
 
Δ Sulfide (mg 
S L-1) 
0.2 0.18 0.12 0.08 0.06 0.04 0.02 
 
Slope (m m-1) 0.00
1 
0.0025 0.005 0.01 0.02 0.04 
  
Δ Sulfide (mg 
S L-1) 
0.1 0.16 0.15 0.13 0.11 0.11 
  
Diameter 
mm 
225 300 375 450 600 750 1000 2000 
Δ Sulfide (mg 
S L-1) 
0.2 0.19 0.17 0.15 0.13 0.11 0.1 0.05 
 
One model limitation of this analysis is that the long-term effect of changes in organic 
carbon concentrations on both SRB populations in pressure mains and heterotrophic 
biofilm in gravity were not considered. It is possible that biofilm adaptation may change 
kinetics in both systems to take advantage of the higher organic carbon 
concentrations. Nonetheless, this study found that in most pipe systems changes in 
dissolved sulfide were so minor that small changes in biofilm activity are unlikely to 
change the overall model conclusions. 
 
The minor increases in sulfide generation parallel the results observed in the pilot 
scale experimental study. Based on the results of this study, for the majority of sewer 
design conditions, increased organic carbon concentrations are unlikely to increase 
downstream sulfide concentrations.  
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4.4.5 Predicted Impacts to a Sewer Network from Changes in Organic Carbon 
Concentrations  
 
The systematic design analysis provided an assessment of the total range of potential 
changes to dissolved sulfide concentrations in downstream sewers, however the rate 
of occurrence for each design condition is not uniform in real world networks. The 
distribution of sewer designs in a real world network can be limited depending on local 
conditions such as topography, residential density, upstream design decisions and the 
placement of pressure mains.  
 
In the sewer network modelled in this study, the majority of the sewers were small 
diameter low capacity, low slope pipes receiving little to no dissolved sulfide. The 
median pipe diameter was only 250 mm, even after removing household connections 
from the catchment sewer model and only 7 km of pipe exceeded a diameter of 600 
mm. Pipe slopes clustered about a slope of 0.0025 m m-1 with less than 1000 meter 
of pipe having a slope above 0.01 m m-1. Most importantly, locations with dissolved 
sulfide concentrations above 0.5 mg S L-1 in this network were limited to areas less 
than 500 meters downstream of a pressure main. Only a small number of pipes existed 
which matched the design conditions in the systematic analysis which were predicted 
to result larger increases to downstream sulfide concentrations. 
 
Modelling the whole catchment confirmed the conclusions from the systematic 
analysis. Pipe sections that experienced larger changes in dissolved sulfide were 
limited to the lower capacity pipes where pre-existing influent sulfide concentrations 
were highest. However, because the total number of pipes that satisfied those 
conditions in the network were small, major impacts from increased CODs were very 
spatially limited (Table 15).  
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Table 15 Predicted increases to dissolved sulfide (mg S L-1) and gas phase sulfide (ppm) concentrations 
in sewer network model resulting from water conservation based increases to the organic carbon 
concentration detailed in Table 10. 
 
Mean 90th Percentile 
Δ Organic Carbon 1.24x 1.4x 2x 1.24x 1.4x 2x 
Δ Dissolved Sulfide 
(mg S L-1) 
0.12 0.16 0.35 0.26 0.3 0.65 
Δ Gas Phase 
Sulfide 
(ppm)  
7 8 20 14 16 50 
 
The largest predicted increases to sulfide were limited to sections of pipe immediately 
downstream of a pressure main with pre-existing sulfide issues. The average pre-
existing baseline sulfide concentrations in the upper 90th percentile of pipe sections 
was 5.5 mg S L-1 and those pipes experienced an increase to downstream sulfide 
concentrations of between 0.26 to 0.65 mg S L-1 depending on the increase to CODs. 
The remainder of the network saw little to no change in dissolved sulfide. 
 
The systematic analysis demonstrated that there does exist a range of design 
conditions that can experience increases to effluent sulfide concentrations when 
organic carbon concentrations increase due to water conservation. The network 
analysis meanwhile, did demonstrate potential impacts but problem areas were 
spatially limited to gravity mains directly downstream of a pressure main, and in low 
flow and slope gravity systems. Based on this network model, we conclude that in 
many networks, once water sustainable practices are implemented, the overall impact 
specifically from the increase to organic carbon concentrations will be spatially limited 
and otherwise minor.  
 
4.5 Conclusions 
The impact on sewer reliability from future changes to organic carbon concentrations 
due to community water conservation was investigated using an experimental pilot 
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sewer system and an experimental and field calibrated computational sulfide sewer 
model. Increases to sulfide transformation rates in sewers were quantified under 
various sewer operational conditions and sewer designs at both the individual pipe 
and network scale. The following conclusions are drawn: 
 The effect to sulfide generation in pressure mains from increases to organic 
carbon concentrations does not exceed 0.1 mg S L-1 km-1. Further impact 
becomes insignificant when organic carbon concentration are increased 
beyond 150 - 200 mg L-1 as measured by soluble COD.  
 Some gravity main designs, particularly low slope, low flow pipes with pre-
existing influent sulfide are more sensitive to changes in organic carbon 
concentrations. In a small number of cases, the resulting increases to the 
dissolved and gas phase sulfide concentrations may be detrimental or pose a 
nuisance. 
 Most sections of a sewer network will experience no substantial impacts 
specifically from an increase in the organic carbon concentrations of 
wastewater that occurs when water sustainable practices are adopted in the 
catchment region.  
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5. Chapter 5: Future reliability of sewer networks under fully 
implemented water demand management practices: 
development of a simple empirical method to evaluate 
changes to downstream hydrogen sulfide concentrations 
5.1 Abstract 
Reductions to sanitary sewer flows is a common outcome in municipalities pursuing 
increased water sustainability. Due to the high capital costs of existing sewer 
infrastructure, it remains important to understand how reductions in hydraulic flows 
can impact the future reliability of sewers from changes to processes such as the 
generation and oxidation of hydrogen sulfide. A systematic sewer design analysis was 
completed using a field validated sewer transformation model, SeweX, to evaluate and 
quantify the range of changes to sulfide transformation processes after reduced flow 
conditions occur, with a specific focus on the role of sewer design on the overall 
impact. Sulfide transformation processes were modelled for 1152 gravity design 
configurations and 5 different pressure main station capacities receiving reduced daily 
average wastewater flows. In pressure mains, reductions to network flows decreased 
the total mass of sulfide discharged per day but effluent sulfide concentrations 
increased. Increases to effluent sulfide concentrations were highest in small capacity 
stations with a 40% reduction in flow nearly doubling effluent sulfide concentrations at 
stations designed for dry weather flows of 5 L sec-1. In most gravity mains, reductions 
in flows resulted in more rapid depletion of liquid phase sulfide due to both higher initial 
mass transfer rates and higher sulfide oxidation rates brought about by beneficial 
changes to the air-liquid surface area in conjunction with a decrease in total liquid 
volume. Based on the results of the systematic sewer design analysis, sets of 
simplified empirical equations were derived that provide the capacity to quickly assess 
the approximate change to mean and peak downstream sulfide concentrations in 
gravity and pressure sewers that receive reduced wastewater flows.    
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5.2 Introduction 
Hydrogen sulfide related sewer corrosion has been reported to cost municipalities tens 
of billions of dollars per year due to premature sewer failures (Jiang et al. 2014, 
Kaempfer and Berndt 1998, Koch et al. 2002, Sydney et al. 1996). Determining the 
location and magnitude of sulfide emissions in a network provides utilities with the 
capacity to proactively manage corrosion potential and reduce maintenance costs. 
Because the implementation of water sustainable practices is an on-going process for 
many municipalities, sewer modelling is often required to properly assess future 
potential impacts. This is particularly true for networks where the changes to the 
hydraulics relevant to sulfide generation and emissions are not yet realized. There 
exist several proven, high precision sewer sulfide models that can assist in quantifying 
network wide downstream impacts. While the models can provide detailed predictions 
of future behaviours, building the models for an entire sewer network can be both time 
and cost prohibitive. Utilities can benefit from a simplified model set that can be quickly 
and easily applied to sections of sewer networks while still providing accurate 
predictions of future trends in sulfide generation and emission rates. A simplified 
sulfide sewer model can provide utilities with the capacity to easily determine the areas 
of a sewer networks that are most vulnerable to changes in water usage. Having the 
capacity to quickly and reliably identify the regions of a sewer network most 
susceptible to future changes in sulfide concentrations can provide planners with the 
opportunity to more effectively apply focused applications of the more intensive but 
detailed sewer models. 
 
In the present study, a simplified sewer sulfide modelling toolset was developed using 
the data outputs from a systematic a field proven detailed computational sewer sulfide 
model. The toolset specifically models the effect of sewer design elements on changes 
to sulfide transformation processes when reduced flow conditions are established due 
to the increased uptake of water sustainable practices in a community. Over 4600 
different combinations of sewer design and operating conditions were modelled using 
the detailed SeweX sewer transformation model based on 1152 potential gravity sewer 
combinations and 5 different pump station capacities. Some non-compatible 
gravity/pressure main combinations were excluded if they exceeded pump station 
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capacity. The design and operational parameters that were varied included sewer 
design flows, pipe diameters, slopes and influent wastewater characteristics for both 
pressure and gravity sewers. Changes to the rate of sulfide oxidation, generation and 
mass transfer were predicted along with the effluent sulfide concentrations for both the 
liquid and gas phase.  
 
Based on the model results, multi-variable regression was used to derive several 
simplified empirical equations. The equations provide insight into which design 
combinations in a network are most vulnerable to changes in flow with regards to 
hydrogen sulfide. The simplified models estimate the change to effluent sulfide 
discharge concentrations in pressure mains and the change to liquid and gas phase 
sulfide concentrations in gravity mains. 
 
5.3 Methods 
5.3.1 Sewer Modelling 
Sulfide concentration predictions are provided by a field proven computational sewer 
model that has been used extensively for modelling domestic sewer catchments 
(SeweX, Australia) (Liu et al. 2015, Pikaar et al. 2014, Sharma et al. 2008a, Sharma 
et al. 2008b). The model was specifically adapted from a previous implementation that 
was used to evaluate the effect of specific strategies in integrated urban water 
management on sewer odour and corrosion (Pikaar et al. 2014, Sharma et al. 2008a). 
The model has the capacity to predict both spatial and temporal variations in 
wastewater composition for individual sewers and at the network scale (Sharma et al. 
2012, Sharma et al. 2008a, Sharma et al. 2013, Sharma et al. 2008c). The model was 
used to predict sulfur transformation rates for both the gravity and pressure main 
design cases and predict the sulfide production and loss due to oxidation and 
emission.  
 
Changes to the sulfide discharge concentrations, the sulfide transformation rates and 
the sulfide emission rates under each design configuration were evaluated using by 
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calculating the difference between the output values for the baseline scenario against 
the output values for each of the three flow reduction cases. The model outputs 
included the total dissolved sulfide and dissolved oxygen concentrations, the gas 
phase hydrogen sulfide concentrations, and the concentrations of organic carbon as 
measured by CODs.  
 
Primary model parameters, such as the kinetic transformations coefficients, were kept 
constant to maintain consistency with previous uses of the model (20, 21). The influent 
flow patterns, pipe design characteristics and influent wastewater quality were unique 
to this study. Wet weather conditions were not modelled, limiting the results to “typical” 
sewer conditions only. 
 
Two separate sewer model configurations were employed in this study: 
 
1) A pressure main model investigated sewer vulnerability to changes in network 
flows by pumping station capacities. Pumping station capacities were defined 
according to their average design flow. Without altering the design of the 
pumping station, sulfide discharge concentrations were modelled while 
receiving reduced influents flows associated with upstream water conservation. 
 
2) A gravity sewer model investigated sewer vulnerability to changes in network 
flows according to its design characteristics including the pipe dry weather flow, 
slope, diameter and the existing influent sulfide concentrations. The model 
provided predictions for downstream dissolved and gas phase sulfide 
concentrations.  
 
Using the results of the systematic design analysis, a set of simplified empirical 
equations were derived for estimating changes to sewer sulfide concentrations at 
various levels of adoption for water conservation. The equations provide the capacity 
to quickly and easily estimate: 
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 Changes to the average and peak sulfide discharge concentrations in 
intermittently pumped pressure mains. 
 
 Changes to average liquid phase sulfide concentrations over distance in gravity 
mains 
 
 Changes to the peak gas phase hydrogen sulfide concentration in a gravity 
main 
 
The simplified empirical equations are derived using methods adapted from a previous 
study that created sets of simplified methane generation and concentration equations 
for sewer environments (Willis et al. 2017).  The equation parameters for the simplified 
model were based on the results of the systematic sewer model and the equation 
coefficients were determined using a multi-variable regression analysis optimized by 
determining the minimum sum of the squared residuals. 
   
5.3.2 Design of Gravity and Pressure Main Pipes for Simulation Study 
 
The design of the pressure mains and its pumping station infrastructure were based 
on Australian design standards for sewage pumping (Wsaa 2005). The station 
pumping capacity was assigned based on a defined range of design flows.  The range 
of average dry weather flows (ADWF) cover upstream catchment sizes of 
approximately 1000 to 80,000 residential households (Table D.1). The maximum end 
of-life pumping capacity was defined as a flow greater than the peak wet weather flow 
(PWWF), which was calculated as 7 times the ADWF. Pressure main pipe size was 
then calculated based on the pumping capacity. The largest diameter pipe with a flow 
velocity greater than 1.5 m s-1 was selected. The wet-well capacity was selected to 
minimize the total number of daily pumping events while not exceeding an average 
wet-well retention time of 2 hours during a typical day. 
 
 138 
 
Each pumping station design was initially modelled to receive its design influent flows. 
Without changing any aspects of the pumping station design, flow was then reduced 
by a factor of 0.85, 0.70 and 0.60.  A proportional change in the organic carbon content 
was applied based on the reduction in network flows. The increase in organic carbon 
is an assumed consequence of reductions in household water use (Table D.2). 
 
The gravity sewer design parameters used in the model were also selected in 
accordance with Australian design requirements (Bizier 2007, Wsaa 2002). The pipe 
size and the maximum allowable slope were determined by the designated end of life 
peak wet weather flow. The diameter was required to have sufficient carrying capacity 
for peak wet weather flows, while not exceeding an in pipe wastewater velocity of 3.0 
m s-1. End of life PWWF were estimated by multiplying the average dry weather flow 
by 7. The range of permissible slopes were then defined by calculating the wastewater 
velocities during peak dry weather flow (PDWF) and ensuring that it exceeded 0.7 m 
s-1 for a period of at least one hour during the model period (Bizier 2007, Little 2004, 
Wsaa 2002). The initial PDWF was calculated by multiplying the ADWF by a peaking 
factor of 3.0, which was derived from the reported diurnal flow profiles for the 
Australian municipality of Adelaide and adapted to consider pre-drought household 
discharge rates (Arbon et al. 2014, Wsaa 2002). 
 
The model includes seven ADWF cases. At each ADWF multiple sewer design and 
loading combinations were modelled so long as they met the design criteria (Table 
16).  
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Table 16 Design parameters for gravity pipe sulfide assessment (Dissolved oxygen, DO) 
Parameter Set Points 
Diameter Gravity (mm) 225, 300, 375, 450, 600, 750, 1000  
Slope (m m-1) 0.0025, 0.005, 0.01, 0.02, 0.04  
Average Dry Weather Flow (L 
sec-1) 
5, 10, 20, 50, 100, 200, 400  
Influent Sulfide Concentration 
(mg L-1)  
2, 5, 10, 20  
   
The PDWF and PWWF in-pipe wastewater velocity and depths were calculated using 
the Manning equation and the recommended Manning coefficients for each pipe size 
(Wsaa 2002). A pipe was excluded if its PDWF velocity was below 0.7 m s-1 and either 
its PDWF or PWWF velocity was above 3.0 m s-1. The pipe design case was also 
excluded if the water depth was more than 0.6 or 0.95 times the inner pipe diameter 
for PDWF and PWWF, respectively. Extreme edge cases were removed by discarding 
design cases with water depths that were no greater than 0.1 and 0.2 times the inner 
pipe diameter for PDWF and PWWF, respectively.   
  
In total 115 gravity design combinations (slope, diameter, flow) met the applied 
operational criteria. For each design combination, four additional models were run with 
a range of influent sulfide concentrations (Table 16). The model was then further 
subdivided into 3 flow reduction cases, as well as, a baseline case. The baseline 
condition received the influent flows at the rate for which the gravity sewer was initially 
designed. The flows were then reduced by factors of 0.85, 0.70 and 0.60. Specific 
diurnal flow patterns were applied to each flow case (Figure D.1). The change in the 
organic carbon content was accounted for in the same manner as was done for the 
pressure mains (Table D.2).  
 
Influent flows employed in this model were defined by a diurnal flow pattern that varied 
about the average dry weather flow (ADWF). The diurnal flow profiles used in this 
study were based on the observations and conclusions from two case studies in 
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Brisbane and Adelaide, Australia, that documented residential water use (Arbon et al. 
2014, Beal et al. 2011). Both studies took place shortly after the implementation of 
major water use reductions that occurred in response to severe drought conditions. 
They provided a high detailed breakdown of the changes to water use by source, 
during a timeframe that covered a transition to a low water use community. The studies 
were used to provide a reasonable estimate for the potential ranges of reductions to 
wastewater discharge rates and to create diurnal flow profiles for the baseline and 
reduced flow scenarios (Figure D.1).  
 
5.3.3 Simulation Studies 
 
Separate simulation studies were ran for the gravity and pressure mains design sets. 
In the pressure mains, the model outputs were used to calculate the peak and daily 
mean sulfide concentrations at 1000 meters for each design case. In gravity mains, 
model outputs were used for calculating the mean daily dissolved sulfide concentration 
for every 50 meter length of gravity pipe for a total distance of 2000 meters. The gravity 
model outputs were also used to calculate the peak and mean daily hydrogen sulfide 
concentrations also at intervals of 50 meters for a total length of 2000 meters of pipe.  
 
Because the inherent uncertainty in the primary rate determining parameters is 
unavoidable, the model’s overall sensitivity to changes to the rate parameters was also 
assessed. By quantifying model output sensitivity to parameter uncertainty, the 
robustness of the model outputs could be established, and the importance of each 
parameter determined. The quantification of model output sensitivity required separate 
runs for the gravity and pressure mains models. Six model parameters were included 
for the pressure main model and eight were included for gravity main model (Table 
17). 
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Table 17 Summary of parameters, ranges and distribution types for model output sensitivity tests. 
 Distribution Type Mean Range/Distribution 
pH Normal Distribution N/A 6.7-7.2 
Temperature (˚C) Uniform Distribution N/A 20-30 
Dissolved Oxygen (mg L-1) Uniform Distribution N/A 0-3 
Organic Carbon as CODs (mg 
L-1) 
Uniform Distribution N/A 250-350 
Areal biofilm sulfide 
generation rate constant (g S 
m-2 day-1) 
Normal Distribution 4 0.5 
Sulfide Oxidation Rate 
Constant, conversion to 
thiosulfate  (g S m-2 day-1) 
Normal Distribution 6 0.5 
Sulfide Oxidation Rate 
Constant, conversion to 
sulfate (g S m-2 day-1) 
Normal Distribution 1.1 0.1 
In – pipe velocity (m s-1) Uniform Distribution N/A 0.9-2.0 
Influent Sulfate (mg L-1) Uniform Distribution N/A 10-25 
Pipe Length (meters) Uniform Distribution N/A 1000-3000 
 
Rate related parameters were described by a mean value and an expected range of 
potential variance based on a normal distribution. Design related parameters and 
waste water quality parameters were described with a uniform distribution since there 
was insufficient evidence available to provide an adequate variance criterion.  
 
The sensitivity analysis consisted of 250 generated parameter data sets, randomized 
according the limits detailed in Table 17. To reduce computational overhead, the 
number of design configurations tested were limited based on the results from the 
primary model run. For the pressure main model, the 20 L s-1 ADWF test cases at flow 
reduction factors of 1.0, 0.85, 0.70 and 0.60 of the baseline were used for the 
sensitivity analysis. The test case was chosen since its change in output under varied 
loadings was closest to the median response when capered against all the other data 
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sets considered together. For the gravity main model, three test cases were 
considered also at flow reduction factors of 1.0, 0.85, 0.70 and 0.60. (Table D.4) The 
three test cases represent a wide range in end of pipe predicted daily sulfide mass 
discharge rates. 
 
5.3.4 Deriving the Simplified Empirical Sulfide Equations  
 
The peak and mean sulfide discharge concentration data outputs from the systematic 
design analysis were used for the derivation of simplified empirical sulfide models that 
included: 
 Peak pressure main dissolved sulfide concentration 
 Daily average pressure main discharge concentration 
 Average daily gravity dissolved sulfide concentration by distance 
 Peak gravity main gas-phase hydrogen sulfide concentration 
 
The parameters for the empirical equations for pressure mains were the pumping 
station design capacity and the future flow reduction factor. Because of the 
standardized design for pressure main systems, the working wet well volume, 
pressure main pumping frequency, wastewater velocity, and biofilm surface area can 
be defined as a function of the design dry weather flow and so were not included. The 
multi-variable regression was set to run either 2000 iterations or reach a convergence 
criterion of 10-5 (mg S L)2 for the sulfide discharge concentrations.   
 
The parameters for the empirical equations for the gravity mains were the ADWF, pipe 
diameter, pipe slope, influent sulfide concentration and the applied flow reduction 
factor. The first set of simplified empirical equations provided the capacity to estimate 
the change to the dissolved effluent sulfide concentration in 50 meters increments of 
pipe length. The second set of empirical equations provides the capacity to predict 
changes to the maximum potential downstream peak hydrogen sulfide air phase 
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concentration within a downstream range of 2000 meters. The gas phase sulfide 
equations must be treated as the maximum potential concentration for a length of pipe 
since it does not account for manholes or additional routes of egress that may occur 
along its length. In such cases, the simplified empirical equation can still be used for 
general trend analysis but will not have the capacity to effectively predict the true peak 
concentration.  
5.4 Results and Discussion 
5.4.1 Role of Design Parameters in Pressure Mains 
 
In completion of the pressure main analysis, two output parameters were calculated, 
the effluent dissolved sulfide concentration and the peak effluent sulfide concentration. 
In most of the modelled pressure main design cases, reductions in the influent flows 
resulted in an increase to the daily sulfide discharge concentrations. The increased 
effluent sulfide concentrations resulted from the increased wastewater hydraulic 
retention times (HRT). On average the wastewater resided in the pipe and in contact 
with the biofilm for longer periods of time. The longer retention time allowed for sulfide 
to further accumulate in the wastewater. However, at the same time, sulfide generation 
by the biofilm has been observed to decrease as pipe stagnation periods increased 
(Chapter 3). As a result, the overall change in effluent sulfide concentrations depended 
on the relative change in the sulfide production rate and the HRT.  
 
Depending on the design conditions, the predicted effluent sulfide discharge 
concentrations mostly remained static or increased, indicating average sulfide 
generation rates in the pipes decreased to a lesser extent than the increase in to the 
HRT. For most design configurations, the effluent sulfide concentrations during 
discharge events were higher when flow was reduced. The effluent sulfide 
concentration experienced the highest proportional increase in smaller capacity 
pumping stations because the decrease in sulfide generation was much smaller than 
the proportional increase to HRT in those cases (Figure 28). 
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Figure 28 Pressure main average effluent sulfide concentration in mg L-1 by station capacity and water 
conservation scenario. Daily sulfide discharge concentrations increased in most tested scenarios despite 
a universal decrease in the discharge mass rate (data presented is for 1000 meter long pipe) 
 
The pressure main pipe diameter was an important factor affecting the rate of sulfide 
accumulation in the bulk liquid wastewater. The primary difference in the system 
behaviour with respect to pipe size was determined to be the bulk availability of organic 
carbon and sulfate in the wastewater liquid. Bulk liquid effluent sulfate in the 5 L s-1, 
225 mm diameter pressure main was between 25 to 40% lower than in the 100 L s-1, 
825 mm diameter pressure main despite having the same HRT. For soluble organic 
carbon, the difference was between 20 to 25% at discharge. Between the two systems, 
assuming a constant utilization rate by the biofilm, the effluent organic carbon and 
sulfate concentrations were lower in smaller pipes due to there being less liquid 
volume per square meter of available biofilm surface area. The liquid volume to biofilm 
surface area ratio in smaller pipes created an environment that was more responsive 
to reductions in flow and larger decreases in sulfide generation occurred as result.    
 
The sensitivity of the pressure main model to changes in the primary rate determining 
parameters verified that the model conclusions remained true within the range of 
parameter combinations investigated (Table 17) (Figure D.2). The predicted average 
decrease to the sulfide discharge rate was 130, 270 and 470 g day-1 with a standard 
deviation of 90, 130 and 200 g day-1 for the 0.85, 0.70 and 0.80 flow reduction factors 
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(n=250). The biofilm aerial sulfide generation constant, pipe length, wastewater 
temperature and in-pipe turbulence between pumping events was associated with 
changes to the predicted overall sulfide generation rate. Errors in their quantification 
will lead to errors in the model output. None the less, for the input ranges applied, the 
prediction that sulfide mass discharges decrease with reductions in pressure main 
flows remained statistically significant. 
 
The sequence in which a pressure system is designed starts with its design flow 
capacity (Wsaa 2005).  The design capacity determined the size of the wet well, 
required pump capacity, and the range of acceptable pipe diameters. Because the 
main design parameters are dependent on the design capacity it is possible to 
represent pumping station design and operation as a function of its design ADWF. 
Likewise, then, a simplified expression for approximating sulfide discharge 
concentrations at a fixed pipe length can be fully described using the design ADWF 
and the future reductions in flow. Additionally, so long as substrate limiting conditions 
do not occur along the length of the pressure main, the end of pipe sulfide 
concentrations will remain directly proportional with pipe length. An equation for 
approximating both peak and average discharge concentrations can then be 
formulated (Equation 12). 
𝐶்ௌ,௅ = 𝑎ଵ × 𝐴𝐷𝑊𝐹௔మ × 𝑅𝐹௔య × 𝐿 
Equation 12 General expression for approximating end of pipe sulfide concentrations from pressure main 
discharges, assuming pipe size and wet well volume are fully dependant on the required design flow for 
the pressure main station, and that substrate limiting conditions do not develop for sulfate or COD along 
the length of the pipe. 
Where CTS,L is the dissolved sulfide discharge concentration (mg S L-1), ADWF is the 
dry weather design flow for the pumping station in m3 sec-1, RF is the flow reduction 
factor as a fractional input and L is the pipe length in meters. 
 
A multivariable regression analysis was used to fit Equation 12 to the predicted sulfide 
concentration outputs from the systematic pressure main performance analysis. Two 
separate equations were derived, one to approximate the daily average dissolved 
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sulfide discharge concentration and the second to approximate the peak daily 
dissolved sulfide discharge concentration (Figure 29) (Equation 13) (Equation 14): 
 
Mean 𝐶்ௌ,௅ = 0.0034 × 𝐴𝐷𝑊𝐹ି଴.ଵସ  × 𝑅𝐹ି଴.ସ × 𝐿 
Equation 13 Empirical equation for the approximation of the change to the daily mean sulfide discharge 
concentration due to water conservation based reduction in network flows in a pressure main. 
 
Peak 𝐶்ௌ,௅ = 0.004 × 𝐴𝐷𝑊𝐹ି଴.ଵ଺ହ  × 𝑅𝐹ି଴.ଵଷ × 𝐿 
Equation 14 Empirical equation for the approximation of the change to the peak daily sulfide discharge 
concentration due to water conservation based reduction in network flows in a pressure main. 
 
 
 
Figure 29 Daily sulfide discharge rate for 1000 m length of pressure sewer pipe – comparison of the 
concentrations predicted by the detailed model and the simplified model. Mean square error 0.0558 (kg S 
day-1)2, n=20. 
The equations approximating discharge concentrations assumed that a change in pipe 
length equates to a proportional response in the effluent sulfide concentration. As 
mentioned previously, this relies on the assumption that rate critical substrates in the 
bulk wastewater, such as sulfate and biologically relevant organic carbon, are not 
depleted to rate limiting concentrations. In bulk wastewater, rate limiting 
concentrations for sulfate and organic carbon (as CODs) have been reported to be 
approximately 2 mg S L-1 and 200 mg COD L-1 respectively (Nielsen and Hvitved-
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Jacobsen 1988, Thistlethwayte 1972). For the cases modelled in this paper, rate 
limiting conditions did not occur. However, in pipes longer than 2 kilometres or for very 
dilute wastewater, rate limitations may be present due to substrate depletion. In such 
cases, the equations presented in this study will overestimate the change to dissolved 
sulfide discharge concentrations when flows are reduced. 
 
The application of the simplified model must also account for wastewater temperature. 
The model set was assembled with an assumed wastewater temperature of 25˚C. 
Variances in temperature can be accounted for by using the Arrhenius equation (Willis 
et al. 2017).  
 
5.4.2 Role of Individual Design Parameters in Gravity Mains 
 
The two most important output parameters for evaluating the potential for detrimental 
impacts in gravity sewers is the change to the dissolved effluent sulfide concentrations 
in the liquid phase and the change to the air-phase hydrogen sulfide concentrations. 
It is in the air phase that hydrogen sulfide causes sewer corrosion and acts as a 
noxious irritant and toxin. Liquid phase sulfide remains important because it acts as 
the reservoir and source for air phase hydrogen sulfide including at downstream 
locations. The quantification of dissolved sulfide is necessary to predict changes to the 
amount of air phase sulfide.  
 
The median decrease to effluent liquid phase sulfide concentrations were 0.18, 0.22 
and 0.32 mg S L-1 km-1 when the 0.85, 0.70 and 0.6 flow reduction factors were applied 
(Figure 30). Approximately 15% of the tested design configuration scenarios were 
predicted have a higher effluent sulfide concentration following a reduction to flow. 
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Figure 30 Relative frequency distribution for changes in effluent sulfide concentrations for all tested 
gravity sewer design configurations with baseline flows reduced by factors of 0.85, 0.70 and 0.60 due to 
upstream water conservation. Nearly all design configurations were predicted to experience a reduction in 
downstream sulfide concentrations when flow reductions were applied at identical influent sulfide 
conditions. 
When flows were reduced, the only design configurations that were predicted to have 
effluent sulfide concentrations increase were low ADWF, low slope pipes receiving 
wastewater with low influent sulfide concentrations. Only two of the design cases that 
experienced an increase to the effluent sulfide concentrations had an influent sulfide 
concentration above 2 mg S L-1. The ADWF was generally less than 20 L s-1 and 
slopes less than 0.01 m m-1. The range of diameters included several pipe sizes up 
until 750 mm.   
 
Gas phase hydrogen sulfide concentrations also decreased in the majority of design 
cases under reduced network flows. Overall, the median decrease in the effluent air-
phase hydrogen sulfide concentration was 13, 17 and 25 ppm for the 0.85, 0.70 and 
0.60 flow reduction factors respectively (Figure 31). Only, 5% of the design cases were 
predicted to have an increase in the end of pipe hydrogen sulfide concentration. None 
of the test cases, at any level of flow reduction had a predicted increase in gas phase 
hydrogen sulfide that exceeded 10 ppm. At similar influent dissolved sulfide 
concentrations, liquid phase sulfide depletion occurred more rapidly when in-pipe 
wastewater volumes were smaller.  
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Figure 31 Relative frequency distribution for change in effluent gas phase hydrogen sulfide concentrations 
for all tested gravity sewer design configurations with baseline flows reduced by factors of 0.85, 0.70 and 
0.60 due to upstream water conservation. 
 
In the liquid phase, the sulfide oxidation rate has previously been shown to depend on 
the dissolved sulfide concentration and dissolved oxygen concentrations (Nielsen et 
al. 2005). In the gas phase, the sulfide oxidation rate in the model was dependant on 
the changes to the air phase sulfide concentration and the exposed pipe surface area. 
The total rate of oxidation was therefore highly responsive to changes to the liquid-air 
mass transfer rates for both sulfide and oxygen. Pipe slope, diameter and ADWF were 
all important factors (Figure 32). The ADWF had additional importance because it 
impacted the substrate carrying capacity over the full distance of the gravity pipe for 
both dissolved sulfide and dissolved oxygen. As a result, pipes carrying smaller 
volumes of wastewater approached equilibrium concentrations for sulfide and oxygen 
more rapidly over the length of a gravity main (Figure 33).   
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Figure 32 Median sulfide oxidation rates by pipe design parameter for baseline and 0.60 of baseline flows 
 
Figure 33 Change in gas phase sulfide, dissolved sulfide and dissolved oxygen concentrations over 
distance in identical gravity mains receiving baseline flows and 0.6 times the baseline flow. Figure 
showcases that sulfide depletion in liquid phase occurs more quickly in low flow scenarios even if the gas 
phase concentration does not become as elevated. Pipe profile is from a 50 L s-1, 600 mm, 0.01 m m-1 pipe 
receiving influent with 10 mg S L-1 sulfide. 
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Changes to the organic carbon concentration in the wastewater can affect the 
dissolved oxygen concentration, and subsequently the sulfide oxidation rate, by 
increasing aerobic heterotrophic oxygen consumption by biofilms at higher organic 
carbon concentrations (Chapter 4)(Huisman et al. 2004). In this model, when the 
hydraulic flow was reduced by a factor of 0.85 but the organic carbon concentrations 
were held constant, the median liquid phase sulfide concentration decreased by 0.48 
mg S L-1 Km-1. When the organic carbon concentration increased proportionally with 
the change in flow, the decrease to the median effluent sulfide concentration was 0.18 
mg S L-1 Km-1. When flow was reduced further by factors of 0.70 and 0.60, the impact 
from the increases in the mean organic carbon concentration did not change 
substantially (0.3 and 0.32 mg S L-1 Km-1), but the impact from the change in hydraulics 
grew more substantial (0.52 and 0.64 mg S L-1 Km-1). While the proportional impact 
from increased organic carbon concentrations decreased as flow reductions become 
larger, the impact from increased CODs remained a significant factor in all design 
cases tested.  
 
The models predicted that changes to the rate of sulfate reduction were not a 
substantial factor in most gravity mains design cases. Even at very low dissolved 
oxygen concentrations (0.5 to 1.0 mgDO L-1), the rate of sulfate reduction was 
sufficiently small that even a moderate increase did not greatly affect the overall sulfide 
mass balance. Over the entire the range of design conditions tested in the model, 
gravity main sulfide generation accounted for between 1 to 4% of the sulfide mass in 
the gravity pipes. While changes to dissolved oxygen concentrations did have a 
dramatic effect on sulfide generation, in some cases tripling the rate of production, 
because of the low initial generation rate, the contribution to liquid phase sulfide from 
the increased generation never exceeded 0.01 mg S L-1. When considering hydraulics, 
the overall change in dissolved sulfide concentrations was primarily a result of 
competing changes to in sulfide oxidation and liquid-air mass transfer.  
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In the gravity sewers when receiving reduced flows, the ADWF, pipe diameter and 
pipe slope were all critical gravity pipe design factors influencing both the change in 
sulfide oxidation and mass transfer rates. As a result, pipe design had an impact on 
downstream sulfide concentrations for both the air and liquid phase. In general, the 
wastewater in low capacity pipes (5-10 L s-1) was the most responsive to reductions 
in flow in terms of percent change to effluent sulfide concentrations. Out of the entire 
data set, pipes with low slopes and low sulfide concentrations were the only systems 
that experienced an increase in downstream dissolved sulfide concentrations in both 
the liquid and air phase. In such cases, end of pipe discharge concentrations 
increased by 0 - 0.3 mg S L-1 km-1 and 0 – 15 ppm. Conversely, at slopes above 0.01 
m m-1 and with influent sulfide concentrations that exceed 5 mg S L-1, low capacity 
pipes (5-10 L s-1) experienced the largest decrease in effluent sulfide concentrations 
of between 0.6-1.5 mg S L-1 km-1 and 40 - 180 ppm when flows were reduced by a 
factor of 0.6. In general, under reduced flows, reductions to the liquid phase sulfide 
concentration became smaller as slopes became shallower, pipe capacity increased 
and pipe diameter increased (Figure 34). 
 
 
Figure 34 Median change in effluent sulfide concentrations for air and liquid phase by individual gravity 
sewer design parameters with an applied flow reduction factor of 0.6. 
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In the model parameter sensitivity analysis for the gravity mains, only temperature and 
pH had a significant effect on the model outputs (Figure D.3).  The predicted average 
decrease in the sulfide discharge concentrations at 1000 meters was 0.04, 0.20 and 
0.41 mg L-1 Km-1 with a standard deviation of 0.1, 0.14 and 0.18 mg L-1 Km-1 for the 
0.85, 0.70 and 0.80 flow reduction factor (n=250). The data suggests that if the values 
for pH and temperature in the model are not representative of the real world conditions, 
then the model may misrepresent differences to sulfide concentrations when modelling 
flow reduction factors of less than 0.85. Beyond flow reductions of 0.85, error is still 
introduced, however, the trend is sufficiently robust that the model conclusions are still 
significant within the range of temperature and pH values tested in the sensitivity 
analysis (Table 17).  
 
Based on the model results, the change to liquid phase sulfide concentrations under 
reduced network flows can be approximated empirically (Equation 15) (Figure 35): 
 
𝑀𝑒𝑎𝑛𝐶்ௌ,ହ଴௠ = 𝐶௢ − 0.0248 × 𝐷଴.ସହ × (𝐴𝐷𝑊𝐹 × 𝑅𝐹)ି଴.ଷଽ × 𝑆଴.଴ଽ × 𝐶௢଴.଻଼ହ 
Equation 15 Liquid phase daily mean effluent sulfide concentration in gravity mains mg S L-1 
 
Where CTS,50m is the liquid phase effluent sulfide concentration 50 meters downstream 
of the influent (mg S L-1), S is the pipe slope (m m-1) and Co is the influent sulfide 
concentration (mg S L-1).  
 
The equation provides an approximation of the output sulfide concentration 50 meters 
downstream of the influent point. The impact at longer distances is approximated by 
using the predicted output concentration, CTS as the influent sulfide concentration for 
the next 50 meter section of pipe. Using that method, a good fit was achieved 
compared against model predictions for a downstream distance of 1000 meters 
(Figure 35). Error rapidly increased beyond distances of 1000 meters as the model 
does not have the capacity to account for decreases in the sulfide air-liquid mass 
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transfer rates that occur as gas phase sulfide concentrations approach equilibrium 
with the liquid phase. Continuous, uninterrupted gravity pipes rarely exceed 1000 
meters in length due to the need for manholes, the potential for side connections or 
because of changes in pipe size. The equation will remain practically relevant in most 
sewer scenarios. However, in situations where influent hydrogen sulfide is already at 
high concentration in the headspace, or where the peak sulfide concentration occurs 
early in the pipe (less than 1000 meters) the model will overestimate mass transfer 
and liquid phase sulfide loss.     
 
Figure 35 Mean daily effluent sulfide concentration at 50 and 1000 m length of gravity sewer pipe – 
comparison of the concentrations predicted by the detailed model and the simplified model. Mean square 
error at x=50 meters 0.16 (mg S L-1)2 and x=1000 meters 0.11 (mg S L-1)2, n=1822. 
 
The hydrogen sulfide concentration profile in the headspace over pipe distance 
consisted of several distinct phases as air-liquid mass transfer rates changed with pipe 
distance. The initial phase immediately followed the discharge of wastewater into the 
subject gravity main and represented a period of rapid increases to the air phase 
hydrogen sulfide concentration. Between 100 to 300 meters, the rate of transfer began 
to decrease substantially until equilibrium between the liquid and gas phase was 
reached. In the model the equilibrium concentration represented the average peak 
hydrogen sulfide concentration. The location where the peak hydrogen sulfide 
concentration occurred depended on the pipe design and was generally between 500 
to 1800 meters downstream of the gravity main influent entrance (median 1200 
meters). Once the peak concentration was reached, in the model, air phase sulfide 
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concentration decreased as oxidation of sulfide progressed, with equilibrium being 
maintained between the liquid and gas phase until complete sulfide exhaustion. 
 
The shifts in the dynamics controlling air phase hydrogen sulfide concentrations over 
pipe distance were sufficiently complex that a single non iterative empirical equation 
could not be derived that effectively described hydrogen sulfide concentration in the 
gas phase at every location over the entire length of a 2000 meter gravity pipe. Using 
only the model data, the empirical equations were limited to either very short distances 
of pipe, a specific location of a pipe or to determine the maximum peak hydrogen 
sulfide concentration that could occur in a 2000 meter stretch of uninterrupted gravity 
pipe. Of the three options, the peak hydrogen sulfide concentration provides the best 
representation of the overall change in sulfide dynamics in the gravity pipe section and 
its determination empirically is more robust for a wider range of pipe design 
configurations (Equation 16) (Figure 36). 
𝑃𝑒𝑎𝑘 𝐻ଶ𝑆௚ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 22.56𝐷ିଵ.ଵ଻଺(ADWF × RF)଴.ସ଴ସSି଴.ଶଷ଴𝐶௢ 
Equation 16 Peak hydrogen sulfide concentration in gravity main headspace (ppm) 
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Figure 36 Peak hydrogen sulfide concentration in gravity sewer pipe (ppm) – comparison of the 
concentrations predicted by the detailed model and the simplified model. Mean square error 425 (ppm)2, 
n=1420. 
As previously mentioned, the location where peak sulfide occurred varied with sewer 
design and wastewater quality. In this model, peak sulfide was never achieved at pipe 
distances of less than 300 meters and generally occurred much further downstream, 
with a median distance of 1200 meters.  The downstream distance where peak sulfide 
occurred increased with larger diameter pipes, steeper slopes, and with higher flows 
and influent sulfide concentrations. The downstream distance for peak sulfide will also 
depend heavily on the headspace air velocity, which in this model was assumed to be 
half the liquid wastewater velocity. The simplification is based previous observations 
and industry feedback (Sharma et al. 2008b).  
 
Practically, continuous sewer systems exceeding 300 meters in length that are 
uninterrupted by any points of egress for hydrogen sulfide, such as manholes or air 
withdrawal vents are not common. In cases were points of egress exist earlier in a 
pipe, the empirical equation will overestimate the peak hydrogen sulfide concentration. 
However, the empirical equation still provides a good indication of the relative changes 
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in sulfide dynamics so long as it is understood that the prediction represents a 
maximum change in downstream concentrations. For instance, if it is predicted that a 
change in flow will have a very small to negligible impact on downstream hydrogen 
sulfide concentrations, that will be very likely to also apply in a much shorter, real world 
sewer even if the peak concentration occurs much further downstream. The overall 
appropriateness of the results will need to be judged on a case by case basis that 
considers the ventilation conditions. The simplified model provides an easy and quick 
method to assess future gas phase sewer dynamics and identify areas where more 
detailed sewer modelling may be required.   
 
5.4.3 Considerations for Existing Sewer Networks  
This study determined that there are two major consequences for sewer infrastructure 
receiving reduced network flows due to water conservation.  
 
The first issue is that, due to increased HRTs in pressure mains, the dissolved sulfide 
concentrations during discharge events will increase. Increases to dissolved sulfide 
concentrations will be more prominent in smaller capacity pumping stations due to the 
pipe volume to biofilm surface area ratio being more conducive to hydrogen sulfide 
generation. The increase in dissolved sulfide concentrations also corresponded with 
reductions in the total daily number of pumping events. As a result, downstream 
sewers will experience more intense but less frequent spikes in sulfide concentrations. 
Odour issues should be expected to be more prominent during pumping events as a 
result.  
 
In gravity mains, the results from the modelling analysis indicated that, with constant 
influent sulfide concentrations, reductions in flow decreased the distance in which 
dissolved sulfide travelled downstream. If influent sulfide conditions remained 
constant, downstream sulfide concentrations can decrease as a result. However, in 
most gravity systems, the influent sulfide concentration will depend on pressure main 
performance. None the less, depending on the design, the data analysis indicated that 
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reductions in flow can provide gravity mains with the capacity to accommodate 
increases in sulfide with only localized impacts to gas phase hydrogen sulfide 
concentrations. The capacity of a gravity main to handle changes to influent sulfide 
under reduced flows will depend on its design and will be greatest in large flow, larger 
diameter pipes at steeper slopes. Because the impact depends on multiple design and 
water quality conditions the resulting behaviour will need to be evaluated on a case by 
case basis.   
 
Properly assessing the impacts from reduced flows on sulfide concentrations in 
specific network conditions requires the deployment of a detailed sulfide 
transformation model. However, model deployment can be costly and time intensive. 
Based on the results of this study, 5 simplified empirical equations were proposed for 
providing a general first level assessment of changes to sulfide conditions in a sewer 
network. The equations allow users to quickly and easily identify areas in a sewer 
network where changes to sulfide concentrations may cause reliability issues in the 
future. The information provided by the simplified model can then be used to focus the 
scope and application of more complex models, reducing cost and labour while still 
permitting for an effective overall assessment.   
 
5.5 Conclusions 
The impact of design and operational sewer parameters on changes to sulfide 
transformation and transport was modelled for cases where sewer network flows are 
reduced due to water conservation. Based on the results, several empirical equations 
were derived that provide an effective estimation of changes in sulfide and hydrogen 
sulfide concentrations for sewer network sections. 
 
The following conclusions are drawn: 
 
 Under reduced flows, the effluent sulfide concentrations at pressure mains 
increase. The extent of the increase depends on the relative change to both the 
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sulfide production rate and the HRT. The percent increase in effluent sulfide is 
highest in smaller capacity pumping stations. 
 
 Changes to anaerobic transformation processes in gravity mains were not a 
substantial component affecting the overall sulfide transformation rates in 
gravity sewers experiencing reduced flows. 
 
 Even with increases in the organic carbon concentrations of the wastewater, 
water conservation will decrease sulfide conveyance in the majority of gravity 
systems. However, low slope, small capacity pipes with flows under 10 L/sec 
ADWF are particularly sensitive to changes in influent flow rates and have the 
potential to experience reductions to their rate of sulfide loss with a 
corresponding increase to both liquid phase and gas phase sulfide 
concentrations.   
 
5.6 Notation 
𝑎ଵ correction coefficient (unitless) 
𝑎ଶ correction coefficient (unitless) 
𝑎ଷ correction coefficient (unitless) 
𝐴𝐷𝑊𝐹 average dry weather flow in m3 s-1 
𝐶௢ mean influent sulfide concentration in mg S L-1 
𝐶்ௌ,௅ dissolved sulfide discharge concentration in mg S L-1 
D pipe diameter in m 
𝐿 pipe length in m 
Mean 𝐶்ௌ,௅ mean total sulfide discharge concentration from pressure main in mg S L-1 
Peak 𝐶்ௌ,௅ peak total sulfide discharge concentration from pressure main in mg S L-1 
𝑅𝐹 flow reduction factor as a fraction 
S pipe slope in m m-1 
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6. Chapter 6: Experimental and Model-Based Assessment of 
Impact of Waste Activated Sludge Disposal on Hydrogen 
Sulfide Generation and Emission in Sewers. 
6.1 Abstract 
The integration of decentralized wastewater recovery systems with municipal sewer 
networks will result in increases to discharge volumes of treatment wastes and sludge. 
The disposal of decentralized process sludge in sewers is a concern if its contribution 
to the overall oxygen demand is sufficient to increase the prevalence of hydrogen 
sulfide in downstream infrastructure by either reducing sulfide oxidation or increasing 
sulfide generation. Combining the use of a pilot scale experimental sewer system and 
a field validated computational sewer model, the effects of discharging treatment 
sludge on downstream sulfide concentrations in both the liquid phase and gas phase 
were investigated. It was determined that for the range of sludge discharge rates 
permitted by most Australian municipalities and with sludge that has an oxygen uptake 
rate of approximately 3 (mg DO)(g VSS)-1(min)-1, the resulting decreases to dissolved 
oxygen concentrations in sewage were insufficient to change dissolved sulfide 
concentrations by more than 0.5 mg S L-1 in the majority of downstream infrastructure. 
However, sewers with pre-existing sulfide at high concentrations (more than 10 mg S 
L-1), particularly those with low slopes and flows will experience higher, potentially 
harmful, increases to downstream dissolved sulfide concentrations. It is recommended 
that areas with pre-existing odour and sulfide related corrosion issues be avoided as 
discharge locations for larger decentralized water recycling and re-use systems.  
 
6.2  Introduction   
Many municipalities face a future where they are unable to substantially increase their 
total available water supply or production capacity due to geographic constraints, 
infrastructure limitations and climatic volatility (Mankad and Tapsuwan 2011, Pikaar et 
al. 2014).  With increased scarcity of water, decentralized water re-use systems have 
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become an option as means to achieve resiliency and flexibility in potable water 
networks (Mankad and Tapsuwan 2011, Sharma et al. 2013). The adoption of 
decentralized water re-use systems, irrespective of their scale, will often require 
integration with sanitary sewer networks. Because of the ubiquity of sewers as 
municipal infrastructure and their critical role in protecting public and environmental 
health, understanding the potential impacts from the transition to a semi-decentralized 
water community is necessary. 
 
Decentralized treatment systems have the potential to affect the sewer sulfur cycle by 
changing both the network hydraulics and the sewage composition. Decentralized 
treatment systems for wastewater re-use and recycling include a range of scales and 
purposes (Baideme et al. 2013, Jefferson et al. 2000, Li et al. 2009). The treatment 
systems can be implemented at the level of individual households, small clusters of 
properties or at the community level. In terms of end-use, decentralized treatment 
systems have been proposed as an alternate source of water for household toilet 
flushing, washing machines and for outdoor irrigation. Despite the wide variety of 
decentralized systems, they all have common attributes with direct impacts to existing 
sewer infrastructure. The systems will divert a portion of wastewater away from the 
sewers to be used for alternate purposes, and they will produce their own wastes that 
require further treatment and disposal (Penn et al. 2014, Penn et al. 2011, Revitt et al. 
2011). In many cases decentralized treatment wastes are likely to be discharged 
directly into existing sewers.   
 
The characteristics of the waste products produced from decentralized systems is 
dependent on the treatment system employed and can vary widely. In biologically 
assisted treatment systems, the primary end-product is wastes consisting of total 
suspended solids with a high proportion of heterotrophic microorganisms by mass 
(Atasoy et al. 2007, Lesjean and Gnirss 2006). The discharge of such sludge can 
change both the oxygen and soluble organic carbon concentrations in downstream 
sewers. In gravity mains, a decrease in dissolved oxygen concentrations will result in 
a decrease to the rate of chemical and biological sulfide oxidation (Chen and Morris 
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1972, Nielsen et al. 2005). If the resulting oxygen concentration in the sewage is 
sufficiently low, fixed wall biofilms may even begin to contribute sulfide to the system.      
 
In the present study, changes to the rate of hydrogen sulfide generation and oxidation 
in sewers receiving decentralized waste discharges was determined using a large 
scale experimental gravity and pressure main platform (300 m each). The 
experimental gravity and pressure sewer received waste activated sludge (WAS) at 
varied doses and the effect on oxygen, organic carbon and sulfide concentrations were 
measured. The laboratory data was used to calibrate a set of computational sewer 
models to expand the analysis to a larger variety of sewer designs and conditions. The 
data was used to assess and quantify the potential harm from decentralized treatment 
waste disposal to sewer resilience at the network scale, as well as, identify any 
mitigating design factors. The results were used to provide guidance on the ideal 
locations for placing decentralized treatment system wastes discharge points in a 
sewer network, with the aim of minimizing downstream hydrogen sulfide 
concentrations.   
 
6.3  Materials and Methods 
6.3.1 Experimental Assessment of Sulfide Oxidation and Generation Rates 
under WAS Loading 
 
The experiments were completed using a pilot scale wastewater sewer system that 
included pairs of pressure sewers and gravity sewers at the Innovation Centre located 
at the Luggage Point Wastewater Plant (Brisbane, Australia). The pressure mains 
consisted of two parallel 240 meter, 100 mm internal diameter, PVC pressure mains 
(Figure 15). The gravity main consisted of two parallel 300 meter, 225 mm internal 
diameter PVC pipes that were set to a slope of 0.56% (Figure 9). Complete design 
specifications of the pilot system are outlined in section 2.3. For both the gravity 
sewers and pressure sewers, one line was designated as the control line receiving 
only raw wastewater as its input. The second line was designated as the experimental 
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line and received wastewater and secondary waste activated sludge (WAS) at variable 
dosage set points.  
 
The pressure main lines operated as an analogue to an intermittent pumping station. 
The pumping cycle consisted of 2 minute pumping events at 1 hour intervals. During 
the pumping events, the flow rate was maintained at 275 L min-1 per line. The flowrate 
corresponded to an in-pipe flow velocity of 0.6 m s-1. The in-pipe velocity was chosen 
since it was sufficient to achieve self-cleaning of the pipes but was low enough to avoid 
biofilm shearing at the bends (Metcalf et al. 2003).   
 
In pressure mains, the average influent dissolved sulfide concentration was measured 
by an online UV-VIS spectrometer (spectro::lyser, Messtechnik GmbH, Austria). 
Sample timing and the methods for calculating dissolved sulfide concentrations are 
otherwise identical to those employed in the concentration study detailed in section 
4.3.1. 
 
For the gravity main experimental study, a longer hydraulic retention time was required 
to measure significant differences in dissolved sulfide. HRT was increased by 
recirculating the wastewater in the gravity system for 90 minutes using the same 
methodology employed in section 4.3.1 and 4.3.3. 
 
The gravity lines had a constant flow rate of 125 L min-1 during recirculation. This 
corresponded to an average in pipe flow velocity of 0.6 m sec-1 and an in-pipe liquid 
depth of 30 mm from the base invert. Active ventilation was provided by a SEAT15 
single phase centrifugal exhaust fan connected to the headspace of the effluent waste 
line (SEAT Ventilation, France). Airflow was between 0.2 to 0.3 m s-1 when measured 
with spot checks using a Testo 405i anemometer (Testo, Australia). 
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For the pressure mains, three aerobic sludge concentration ranges were tested 60, 
120 and 180 g VSS L-1. In the gravity lines, three test cases were applied as set-points 
in the experimental line of 0, 100 and 300 mg VSS L-1.  
 
6.3.2 Influent Characterization 
 
Wastewater was supplied from the head works of the LP-WWTP immediately following 
the 6 mm screens. The waste activated sludge was drawn from the recycling line. Both 
streams were pumped continuously into separate storage tanks adjacent to the pilot 
sewer system. 
 
WAS served as an analogue for a decentralized waste product stream. The WAS had 
high total and volatile suspended solids (TSS andVSS) but was low in readily 
biodegradable organic carbon, as measured by soluble COD (<25 mg L-1). The waste 
activated sludge was biologically active and had an oxygen demand in aerobic water. 
Dosage of the WAS into the gravity sewer, was therefore, expected to increase oxygen 
demand in gravity sewers without contributing additional readily biodegradable organic 
carbon into the wastewater.  
 
The average influent wastewater and secondary waste activated sludge 
characteristics were typical for WAS and Brisbane Australian domestic wastewater 
(Table 18).  
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Table 18 Average characterization of input streams 
 
Wastewater WAS 
Sulfide (mg S L-1) 15-25 ND  
Sulfate (mg S L-1) 20-36 24-30 
CODs (mg L-1) 220-300 <25 
CODT (mg L-1) 500-1000 4200-5500 
DO (mg L-1) <1 < 1 
TSS (mg L-1) NA 2700-3200 
VSS (mg L-1) NA 2500-3000 
Temperature (˚C) 26.5-28.5 - 
 
The pH was monitored in real-time using in-line pH probes connected to the influent 
ports of the UV-VIS spectrometer (EasySense 31, Mettler Toledo, United States). 
Each line had two pH probes in series to provide additional redundancy. Dissolved 
oxygen was measured in the gravity sewers with two polarographic oxygen sensors 
positioned inside the pipe approximately 10 - 15 mm above the pipe invert 
approximately 294 meters downstream of the start of the gravity loop (InPro 6050, 
Mettler Toledo, United States). Air phase sulfide concentrations were measured with 
two L2 Odalog units mounted to the pipe headspace at the same location as the DO 
probes (Thermo Fisher, Australia). General wastewater characterization of the influent 
was determined by a LiquidID Station (Zaps Technologies, United States) that 
collected sample from an inlet located at the wastewater holding tank. The system 
measured temperature, CODT and TSS on a one-minute interval. 
 
Dissolved inorganic sulfur species (sulfide, sulfate, sulfite and thiosulfate) were 
quantified using ion chromatography (Dionex ICS-2000) (Keller-Lehmann et al. 2006). 
 168 
 
Total COD and soluble COD was measured using a UV-VIS colorimeter (Pharo 300 
Spectroquant, Merck Millipore). Soluble COD was differentiated from total COD by 
filtering the sample through a 0.22 µm membrane filter. 
 
6.3.3 Characterizing WAS, Oxygen Uptake Rate and Sulfide Oxidation Potential 
 
Additional characterization was completed to define a computational sewer sulfide 
model receiving WAS. Two experimental procedures were carried out to determine 
the specific oxygen uptake rate (OUR) of the WAS and quantify its capacity to oxidize 
dissolved sulfide. Observed rates were curve fitted to provide an empirical rate 
equation for the model giving it the capacity to estimate the transformation and uptake 
rate for either oxygen or sulfide.  
 
The two experimental tests were performed concurrently with the same batch of WAS 
and had a similar experimental procedure. Wastewater was filtered through a 47 mm 
diameter 1.2 µm pore size glass microfiber filter to remove suspended materials 
placed in a 300 ml container and was aerated for 5 minutes. 10 mL of wastewater was 
set aside for COD characterization of the wastewater.  A specific calculated volume of 
wastewater was then transferred to a narrow mouth 300 mL glass bottle placed on 
magnetic stirrer plate. Several volumes of WAS were added while the magnetic stirrer 
was on and allowed to mix evenly into the solution.  
 
The rate of oxygen consumption was determined with an EasySense O2 21 
amperometric dissolved oxygen probe (Mettler Toledo, USA). The probe was 
calibrated according to the manufacturer’s instructions and placed 50 mm into the 
sample jar then fixed in place with clay putty. The putty served to further reduce 
water/air contact area. Temperature and the initial DO concentration (as % Saturation) 
were recorded once readings stabilized. Further measurements were taken 
continuously on a 5 second interval until either 40 minutes had elapsed or the 
dissolved oxygen concentration fell below 5.0% saturation. The reported dissolved 
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oxygen percent saturation readings were converted to concentration by referencing 
the saturation concentration of oxygen at the recorded temperature for the tests 
(Truesdale et al. 1955). 
 
The specific oxygen uptake rate for the sludge was determined using a method 
adapted from Suschka (1984). Five WAS concentration ranges were tested by adding 
0, 12, 24, 36 and 60 mL of aerobic sludge to 288, 276, 264 and 240 mL of wastewater 
respectively. Based on the initial sludge concentration of 2750±200 mg VSS L-1 (n=3), 
the sludge concentration ranges were determined to be 0 mg VSS L-1, 110 mg VSS L-
1, 220 mg VSS L-1, 330 mg VSS L-1 and 550 mg VSS L-1.  
 
To determine if the WAS had the capacity to oxidize sulfide and to characterize the 
potential sulfide oxidation rate, a similar procedure was employed but with the addition   
of aqueous sodium sulfide as 2.5 x10-2 M stock solution (CAS No. 27610-45-3, 
ChemSupply Australia). The solution was adjusted to a pH of 10 with NaOH to reduce 
oxidation rate prior to the tests.  
 
Immediately after aeration was stopped, 3 ml of Na2S solution was added to the 300 
ml test vial and allowed to mix for 10 seconds. The measured concentration was 
approximately 15 mg L-1. The WAS concentration in the vial was 330 mg VSS L-1.  
Changes to sulfide concentrations were measured in real time using the S::SCAN UV-
VIS spectrometer and the change in total sulfide concentration was compared against 
the sulfide loss in containers without any WAS added. 
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6.3.4 Modelling Changes to Sulfide Concentrations in Gravity Sewers 
Receiving Waste Activated Sludge 
 
Model Calibration 
 
The experimental outputs from the pilot study were limited to a single pipe diameter, 
design flow and slope and represent a very limited range of possible sewer design 
configurations. Using a computational sulfide transformation sewer model, the 
analysis was expanded to a larger set of design and operational conditions to identify 
network design conditions that may be more susceptible to the addition of waste 
sludge.  
 
Both the SeweX model and the network test case are described in detail in section 
4.3.4 and 5.3.3. The model was calibrated by comparing the error between the 
experimental gravity results and the predicted model outputs. The model sets were 
built based on a common set of initial conditions for dissolved sulfate, dissolved 
sulfide, dissolved oxygen, organic carbon, pH and temperature (Table 18). Sulfide 
concentration profiles were predicted for each test case and WAS dosing rate. The 
model predictions were compared against the experimental results by calculating the 
mean square error. Error was minimized by calibrating against a biofilm sulfide 
oxidation rate constants and in-pipe mixing time after the cessation of pumping.  In 
gravity mains, the calibration was completed by adjusting the biofilm sulfide oxidation 
kinetic constants for sulfide transformation into thiosulfate and sulfate. 
 
A pressure main model was not included in the analysis based on the experimental 
results discussed in section 6.4.1. 
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Model Design for Sewer Sulfide Analysis 
 
The first important consideration in the model design was the range of WAS discharge 
rates and downstream concentrations that could be practically achieved with 
decentralized water recycling treatment systems. Data on sludge production rates in 
membrane bioreactors (MBR) were used to estimate discharge conditions. MBR 
systems were considered ideal as they are increasingly regarded as key infrastructure 
for wastewater re-use and recycling (Melin et al. 2006). Two of their advantages are 
their small size and lower sludge production rates when compared to more 
conventional processes (Melin et al. 2006, Stephenson 2000). Sludge production rates 
for MBR processes have been reported to range between 0.09 to 0.027 kg VSS kg 
COD-1 day-1 (Lesjean and Gnirss 2006, Melin et al. 2006, Metcalf et al. 2003, 
Stephenson 2000).  
 
Depending on the wastewater quality and MBR operation, WAS concentrations in 
sewer wastewater directly downstream of sewer mining system can range between 
160 to 240 mg VSS L-1 (Table 19). Higher wastewater concentrations are unlikely as 
there are often discharge limits of approximately 1000 mg VSS L-1 in many 
municipalities (UrbanUtilities 2014). Additionally, the rate of wastewater withdrawal by 
a sewer mining plant must not exceed a level that reduces the self-cleaning potential 
of downstream sewers (Water 2013).   
 
Table 19 Assumed performance criteria for sewer mining systems 
Influent Wastewater Quality 500-700 mg CODt L-1 
Sludge Production Rate 0.27 kg VSS Kg COD-1 day-1 
Sewage Withdrawal Rate  60% of sewer flow 
Return Rate 15% of withdrawal flow 
Downstream WAS Concentration 160 - 240 mg VSS L-1 
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Changes to sulfide concentration in individual gravity sewers receiving WAS were 
determined by predicting the sulfide transformation rates under variable sewer design 
configurations (Table 16). The difference in the average sulfide concentration and 
mass sulfide discharge rates were predicted for each dose / no-dose test pair at 
distances of 100 meters, 500 meters, 1000 meters, 1500 meters and 2000 meters of 
the gravity pipe.  
 
Table 20 Design parameters for gravity pipe sulfide assessment 
Parameter Set Points 
Diameter (mm) 225, 300, 375, 450, 600, 750, 1000, 
2000  
Slope (m m-1) 0.0025, 0.005, 0.01, 0.02, 0.04 
Mean Flow (L sec-1) 5, 10, 20, 50, 100, 200, 400  
Influent Sulfide Concentration  
(mg S L-1) 
0, 2, 5, 10, 20  
Influent DO Concentration (mg L-1) 1  
 
Only design configurations that met the required flow velocity and flow depth 
requirements stipulated in the Australian sewer design code were used in the model 
for predicting changes to sulfide concentrations following WAS discharges (Wsaa 
2002).  
 
Network scale modelling evaluated the impact of WAS discharges from two cluster 
scale wastewater recovery systems located at different locations in the network 
(Figure 37). The network employed is a field validated residential sewer network 
serving approximately 30,000 residential units (Pikaar et al. 2014). The entire 
catchment and network model are described in detail in section 4.3.4.  
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Figure 37 Simplified view of catchment area and sludge discharge locations. Only sewers with a diameter 
above 300 mm are displayed. Point source sludge discharge rates are based on a 60% withdrawal rate. 
In real sewer networks, the addition of waste water recycling and re-use systems will 
also reduce the total hydraulic flows, however to focus on the impacts imparted solely 
from the addition of decentralized sludge wastes, the downstream flow rates in the 
models were kept constant between the dose and no-dose scenarios.  
 
6.4 Results and Discussion 
6.4.1 Sulfide Generation in Pressure Mains under Varied WAS Loadings 
 
Similarity between the control and experimental pressure main conditions was 
confirmed by measuring the baseline sulfide production when both pipes received 
wastewater of the same quality and flow rates. Baseline sulfide production rates from 
both the experimental line and control line were determined both before and after the 
WAS dosing trials. The average total sulfide generation rate was 1.17±0.06 g S m-2 
day-1 for the baseline period prior to WAS dosing and 1.05±0.09 g S m-2 day-1 
afterwards. The average increase in the wastewater sulfide concentration was 
between 5.8 to 6.5 mg S L-1 (Figure E.1). The difference in production between the 
two lines was 0.08 g m-2 hr-1 for the first baseline period and 0.02 g m-2 day-1 for the 
second baseline period, which for both cases was at, or below, the measurement error. 
The variance between the testing periods was likely a result of changes in wastewater 
quality and temperature. 
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Each dose scenario was completed in triplicate, except for the 60 g VSS L-1 test where 
one of the planned tests could not be completed due to the failure of the feed pump to 
the dissolved sulfide sensor. For most test cases, the difference between the sulfide 
production in the control and experimental line were not greater than the measurement 
error ( 
Table 21).  
 
Table 21 Total sulfide production rates in pressure main (g S m-2 day-1)  
WAS Dosage Trial # Experimental 
Line 
Control 
Line 
ΔNet 
60 mg VSS L-1 1 1.20±0.03 1.18±0.03 0.02±0.06 
  2 - - - 
  3 1.14±0.04 1.01±0.04 0.13±0.08 
120 mg VSS L-1 1 1.07±0.03 0.96±0.03 0.11±0.06 
  2 1.20±0.03 1.16±0.02 0.04±0.05 
  3 1.21±0.04 1.23±0.03 0.02±0.07 
180 mg VSS L-1 1 1.08±0.03 0.98±0.03 0.10±0.06 
  2 0.95±0.04 0.60±0.04 0.38±0.08 
  3 1.09±0.04 0.75±0.03 0.28±0.07 
 
Except for the 180 mg VSS L-1 WAS dosing trials, the observed concentration profiles 
resulted in similar sulfide concentration profiles between the control and experimental 
lines (Figure 38).  
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Figure 38 Concentration profiles for WAS dosage set points in experimental pressure main, trial 1. 
At the 180 mg TSS L-1 dosing rate, two out of three trials experienced an increase in 
sulfide generation. However, the influent had a substantially lower than typical sulfate 
concentrations (20-36 mg S L-1) in the raw wastewater for these last two trials (11.32 
and 8.59 mg S L-1). The lower sulfate concentrations were likely due to a period of 
heavy rains that persisted up until the time of the test. However, sulfate concentrations 
in the WAS remained constant (30-32 mg S L-1) during this period introducing 
additional sulfate into the experimental line. The measured sulfate concentrations 
downstream of the WAS injection junction in trial 2 of the 180 mg VSS L-1 was 27.18 
mg S L-1 for the experimental line and 11.38 mg S L-1 for the control line. This confirms 
that the WAS addition increased in the sulfate concentration.  
 
Higher influent sulfate concentrations in the experimental line likely account for the 
increased production rate observed in the experimental line relative to the control line. 
When typical influent sulfate concentrations were present 25-35 mg S L-1, the 
difference between the sulfide generation among the control and experimental lines 
was below 0.13 mg S L-1 in the remaining test cases. Due to the disparity in the sulfate 
concentrations at the 180 mg VSS L-1 dosage case, the impact of WAS on sulfide 
generation at that dosage point also needs to consider the effect of variable sulfate 
feed concentrations.  
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Both the 60 and 120 mg VSS L-1 dosage cases were near or below the measurement 
error. The results are similar to a previously published laboratory based study, which 
did not show any change in sulfide generation under increased WAS loading (Sun et 
al. 2015).  
 
Municipal sewer discharge limits for biological solids range from 400 to 1500 mg L-1 
in terms of total suspended solids (Agency 2017, County 2018, UrbanUtilities 2014, 
Water 2012, Water 2011). The WAS concentration in the downstream wastewater will 
then be dependent on the discharge flow rates. Users discharging waste sludge from 
a decentralized treatment system at concentrations at 1000 mg TSS L-1 at volumes of 
between 10 to 30% of the receiving pipe flowrate will elevate WAS concentrations 
directly downstream of the discharge point to between 90 – 230 mg TSS L-1 or 
approximately 75 – 180 mg VSS L-1. Based on the experimental results, impact to 
sulfide generation in a pressure main at those ranges can be expected to be minimal.  
 
6.4.2 Sulfide transformation in gravity sewers receiving WAS 
 
For the initial recirculation baseline tests, there were two dedicated pumps maintaining 
the wastewater flow to the control and experimental lines. The difference in the 
measured hydraulic flows was smaller than the error of 1 L min-1. The headspace air 
velocity was 0.2±0.1 m s-1 for both lines. Under baseline conditions, the sulfide 
concentration when recirculation was initiated was 17.5±1.2 and 18.8±1.8 mg S L-1 in 
the control and experimental lines, respectively. By 90 minutes, sulfide concentrations 
decreased to 0.2±0.1 and 0.3±0.1 mg S L-1 for the control and experimental lines. The 
differences in the baseline concentration profiles between the two lines was marginal 
(Figure E.1.). 
  
There was no difference in the rate of sulfide loss between the control and 
experimental lines in the no dosage scenario (baseline) and the 100 mg VSS L-1 sludge 
dosing scenario. However, the difference in the rate of sulfide loss was observed for 
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the 300 mg VSS L-1 dosing scenario (Figure 39). At a WAS concentration of 300 mg 
VSS L-1, the average difference in the rate of total sulfide loss was 0.90 and 0.60 mg 
S L-1 hour-1. WAS particulate caused measurement interference at doses higher than 
300 mg VSS L-1 and as a result the experiment with WAS concentration of 500 mg L-
1 did not produce a reliable sulfide profile. 
 
 
Figure 39 Sulfide concentration profiles during recirculation trials  
 
As has been previously mentioned in the pressure main analysis, with the municipal 
discharge limits between 400 to 1500 mg L-1 for suspended solids, the sludge dose 
ranges tested in the recirculation tests cover the upper boundary of what is practically 
achievable by a decentralized system discharging WAS containing waste. Visible 
effects to downstream sulfide concentrations occurred at dosage rates of 300 mg VSS 
L-1 in the recirculation trials indicating that network impacts from discharges may 
occur.  
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Compared to dissolved sulfide, dissolved oxygen concentrations in the bulk liquid were 
observed to be more responsive to changes in WAS concentrations (Figure 40). 
Average differences in oxygen concentrations between the experimental and control 
lines were observed at 100 mg VSS L-1 WAS concentrations. However, due to high 
variability from the DO probes, the difference could not be shown to be significant until 
a dosage rate of 300 mg VSS L-1. At WAS concentrations of 300 mg VSS L-1 
wastewater, DO concentrations in the experimental line were on average lower in the 
experimental line by 0.22±0.14 and 0.22±0.16 for trial set #1 and set #2, respectively. 
The difference in the sulfide concentration profiles for the 300 mg VSS L-1 WAS 
concentration dose cases is likely directly attributed to the decrease in dissolved 
oxygen in the wastewater stream.  
 
 
Figure 40 Dissolved oxygen concentrations in gravity line wastewater during recirculation trials at various 
WAS dosage levels 
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6.4.3 Gravity Model Calibration  
WAS Characterization for Model 
 
The average soluble COD was 240±40 mg L-1 for the wastewater and 80±10 mg L-1 
for the WAS. Initial dissolved oxygen concentration of between 6 and 7 mg L-1 was 
achieved for all test cases, except for a no WAS dosing case, which was at 8.7 mg L-
1. Average wastewater temperature for the test cases was 23.4±0.1˚C. 
 
Oxygen utilization in the no dose scenario was marginal. 40 minutes elapsed before 
the dissolved oxygen concentration to fall below 1.0 mg L-1 and so was treated as 
negligible. With the addition of WAS, the oxygen consumption was best described 
using the Monod equation and best fit was achieved with kmax = 0.0047 ((mg DO L-
1)(mg VSS L-1)-1min-1) and Ks = 1.62 (mg DO L-1 ) (Equation 17) (Figure 41). Mean 
square error was 31.5 (mg DO L-1)2 (n=4600). 
 
𝑂𝑈𝑅 = −
0.0047𝑋ைଶ
1.62 + 𝑋ைଶ
∗ 𝑋ௐ஺  
Equation 17 Monod equation to estimate oxygen uptake rate (OUR) for WAS in wastewater 
 
Where the OUR is in mg DO min-1, XO2 is the oxygen concentration in mg L-1 and XWAS 
is the WAS concentration in mg VSS L-1. The relationship was used in the sewer model 
to predict the oxygen uptake from the addition of biologically active sludge into aerobic 
sewer environments 
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Figure 41 Parametrization curve fit for oxygen uptake rates of waste activated sludge in wastewater using 
Monod equation MSE (31.5 mg DO L-1)2. 
It was also critical to experimentally verify that the WAS did not directly contribute to 
sulfide oxidation. Based on several batch tests, the average rate of sulfide loss during 
tests with no WAS dosage was 7.5±0.6 mg hour-1. The average rate of sulfide loss 
with WAS dosage was 7.7±1.0 mg hour-1.  IC analysis revealed an increase primarily 
in thiosulfate (2.2 mg L-1), while changes to the sulfate and sulfite concentrations were 
marginal. The difference in sulfide loss between samples with and without WAS added 
was 0.2±1.0 mg hour-1. The possibility of WAS having some potential for sulfide 
oxidation cannot be discounted within the range of the measurement error. However, 
the potential contribution is sufficiently minor to be confidently excluded as a system 
component in the model for this specific sludge waste product. 
 
In the model, it was assumed that the WAS did not have the capacity to reduce sulfate 
since it was formed and was in an aerobic environment. However, the assumption was 
not verified experimentally. 
 181 
 
 
Model Calibration 
 
This pilot study  in combination with experimental study by Sun (2014) confirm that the 
discharge of waste activated sludge into pressure sewers does not by itself directly 
alter the rate of sulfide generation. In a gravity main, however, the addition of waste 
sludge was observed to have a measurable impact on dissolved oxygen and dissolved 
sulfide concentrations at the highest successfully tested dose of waste sludge (300 
mg VSS L-1). The WAS concentration at which observable effects occurred is near the 
limit of what is practically achievable with an upper discharge limit of 1000 mg TSS L-
1. Based on the expected discharge flow rates for sewer mining systems, dilution is 
likely to reduce downstream concentrations to between 75 – 180 mg VSS L-1. 
However, even at lower discharge rates, it is possible that in an entire network there 
are sections where a larger response from sludge discharges at lower concentrations 
occur, due to factors such as decreased aeration.  
 
The computational sewer model was calibrated, using the sulfide concentration data 
produced by the experimental gravity trials. Pressure mains were excluded from 
further analysis since it was concluded that no major effects are likely from WAS 
discharges. 
 
The best fit for the model, defined by the lowest mean square error (MSE), was 
achieved by varying 2 key biofilm oxidation kinetic parameters. The values that 
provided the best representation of the experimental data were 6.3 g S m-2 day-1 for 
biofilm kinetic rate for oxidation of sulfide to thiosulfate and 1.1 g S m-2 day-1 for biofilm 
kinetic rate for oxidation of sulfide to sulfate. 
  
The predicted sulfide loss and resulting sulfide concentration in the effluent over time 
displayed a similar trend as the experimental results (Figure 42). The mean square 
error was between 0.07 and 1.59 (mg S L-1)2 for the modelled test cases. The model 
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mostly deviated from the experimental data during the initial few minutes of 
recirculation. However, fit was sufficient for the remainder of the trial. The model has 
demonstrated the capacity to not only simulate the experimental gravity sewers during 
baseline conditions but also with the addition of a WAS waste stream.  
 
 
Figure 42 Model Predictions for sulfide loss in gravity reticulations tests compared against experimental 
data   
 
6.4.4 Model Predicted Impact Based on Sewer Pipe Design Parameters 
In gravity pipes receiving WAS, dissolved oxygen concentrations were predicted to 
decrease from the baseline for all design cases. The corresponding decrease in sulfide 
oxidation did not have an immediate effect on either dissolved sulfide or gas phase 
sulfide concentrations. However, by 500 meters the decreased rate of oxidation in the 
gravity sewer sections lead to differences in both the dissolve sulfide and gas phase 
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hydrogen sulfide concentrations between dose / no-dose scenarios (Figure 43). The 
hydrogen sulfide concentrations in the dose scenarios were generally higher 
throughout most of 2000 meter of the modelled gravity sewer sections and hydrogen 
sulfide travelled further down the gravity system as a result. 
 
Figure 43 Typical predicted gas phase and liquid phase sulfide concentration profile modelled over pipe 
distance. Shown here is the predicted profile for a 450mm pipe receiving flows of 50 L s-1, at a slope of 0.01 
m m-1 with influent sulfide concentration of 5 mg S L-1. 
 
In wastewater containing discharged sludge, the predicted change in the downstream 
sulfide, dissolved oxygen and gas phase hydrogen sulfide concentrations ranged 
considerably depending on the pipe design and influent wastewater quality (Figure 
44). Varying the WAS concentration in the wastewater had a larger impact on 
dissolved sulfide and dissolved oxygen concentrations then on gas phase sulfide 
concentrations (Table 22). There was also an apparent lag by pipe distance between 
increases to dissolved sulfide caused by the introduction of WAS and the 
corresponding increase in gas phase hydrogen sulfide.  
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Figure 44 Histograms of differences in dissolved sulfide, gas phase H2S and dissolved oxygen concentrations by distance from discharge point (WAS concnetration 
of 150 mg VSS/L, n=1350). 
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Table 22 Median change to dissolved sulfide, dissolved oxygen and gas phase sulfide by WAS 
concentrations in gravity sewer wastewater for all design cases. 
 
Gas Phase Sulfide  
(ppm) 
Dissolved Sulfide  
(mg S L-1) 
Dissolved Oxygen  
(mg DO L-1) 
 
500 m 2000 m 500 m 2000 m 500 m 2000 m 
50 mg VSS L-1 23.9 40.0 0.2 0.4 -0.5 -0.7 
100 mg VSS L-1 25.2 50.6 0.3 0.7 -0.9 -1.0 
150 mg VSS L-1 26.8 60.0 0.5 1.1 -1.1 -1.1 
 
Under certain pipe designs, downstream sulfide concentrations could be considerably 
higher than the median value and cause impacts at lower doses than were 
experimentally observed to have an effect in the pilot study.  For the highest tested 
WAS concentration, the increase in the average effluent hydrogen sulfide, dissolved 
sulfide and dissolved oxygen concentrations for the upper 10th percentile were 115 
ppm, 0.8 mg S L-1 and –1.5 mg DO L-1 at a downstream distance of 500 meters and 
280 ppm, 1.8 mg S L-1 and –1.7 mg DO L-1 at a distance of 2000 meters. The impact 
in these cases is sufficiently high to be considered detrimental to downstream sewer 
infrastructure and will further aggravate odour issues. 
 
The test cases comprising the upper 10th percentile consisted almost exclusively of 
gravity pipes receiving high initial influent sulfide concentrations. In fact, the influent 
sulfide concentration was the primary determining factor for the magnitude of 
downstream WAS impact. WAS had an increasingly larger impact on changes to 
downstream sulfide concentrations as influent sulfide concentrations increased 
resulting from larger differences in sulfide oxidation rates between the baseline and 
WAS dosage test cases (Figure 45). In systems with no pre-existing sulfide, WAS 
discharges had no impact. The introduction of WAS did not decrease dissolved oxygen 
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concentrations sufficiently to result in anaerobic conditions (DO less than 0.5 mg L-1) 
preventing any major hydrogen sulfide generation.  
 
Figure 45 Changes from baseline model for effluent dissolved and gas phase hydrogen sulfide 
concentrations when receiving different influent sulfide concentrations with a WAS wastewater 
concentration of 150 mg VSS L-1 
 
In general, the model results confirm that impacts from WAS discharges into a sewer 
network can be minimized or avoided by discharging into sections of a network with 
low pre-existing sulfide concentrations in the wastewater.  
 
Pipe design mattered as a parameter only if there was sufficient sulfide (greater than 
2 mg S L-1) present in the wastewater receiving WAS from the decentralized treatment 
system. In such cases, the pipe flow, pipe slope and pipe diameter all impacted on the 
downstream sulfide concentration when WAS is introduced into the gravity pipe 
system (Figure 46).  
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Figure 46 Median change from baseline for dissolved sulfide, hydrogen sulfide and dissolved oxygen in gravity pipes carrying WAS at 150 mg VSS L-1 and influent 
sulfide of 20 mg S L-1 
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In sewer systems, the design parameters are not entirely independent of each other. 
For example, the range of allowable pipe diameters are limited by pipe flow and slope 
at that location, with additional slope limitations for smaller diameter pipes. Further, at 
higher design flow rates, the number of allowable design configurations decrease 
substantially, reducing design variation. This results in discontinuities in the sulfide 
concentration plots for each design parameter, and in some cases, misrepresentation 
of the actual parameter impact on downstream sulfide concentrations by the aggregate 
trends (Figure 46).  
 
It should be noted that because sewer hydraulics was not varied, the role of pipe 
design can differ from those observed and in chapter 5. To properly understand the 
effect of each design parameter on sulfide and oxygen concentrations, individual 
parameters need to be isolated from the aggregate results by holding all other design 
parameters constant. This analysis shows the effect of WAS addition on downstream 
sulfide concentrations under specific pipe design configurations when all other factors 
are held constant. One major limitation to this approach that needs to be considered 
in evaluating the design parameters in isolation is that it ignores dependencies 
between the design parameters. For example, the overall effect of slope on changes 
to dissolved sulfide concentrations in reduced flows also depends on the pipe flow, 
sulfide concentration and pipe diameter. This study describes the general range of 
observed responses from each change to individual pipe designs to provide a broader 
representation of impacts to downstream sulfide.    
 
When all other parameters were held constant, increasing the pipe diameter resulted 
in larger changes to dissolved sulfide concentrations in the downstream gravity pipes 
receiving WAS, particularly at diameters between 225 to 450 mm. The relative 
increases in dissolved sulfide were smaller for larger diameter pipes. Gas phase 
hydrogen sulfide concentrations increased from baseline at all pipe diameters, 
however, the magnitude of change decreased as pipe diameter increased. This 
occurred despite having higher liquid phase sulfide concentrations, as well as, higher 
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mass transfer rates between the liquid and air phase. The main reason for the smaller 
change to the hydrogen sulfide concentrations in the larger pipes was associated 
nearly exclusively with the larger headspace volumes in larger diameter pipes. Pipes 
with larger headspace had a greater capacity to dilute hydrogen sulfide after it 
transferred out of the liquid phase.  
 
Provided the overall sewer design configuration meets the design velocity and 
wastewater depth conditions specified by the design standards, several pipe 
diameters for each design flow-slope combination are permitted. Consequently, the 
model predicts that when the option is available, larger pipe diameters are preferable 
to small diameter pipes with respect to changes in gas phase sulfide concentrations 
when WAS is discharged into the sewer (Figure 47). The benefit of increasing pipe 
diameter is greatest when influent sulfide concentrations are highest and when pipe 
sizes are less than 450 mm.  
 
Figure 47 Change in gas phase sulfide concentrations when diameter is varied but all other factors are 
held constant. Pipe received flow at 20 L s-1 at a slope of 0.0025 m m-1 with 20 mg S L-1 influent sulfide and 
a WAS concentration 150 mg VSS L-1 
 
The model shows that slope has the greatest effect the wastewater aeration rate. 
Higher sloped systems were predicted to have a higher total dissolved oxygen 
concentration. Having a higher initial dissolved oxygen concentration minimized the 
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impact of WAS addition by reducing changes in the rate of sulfide oxidation. As a 
result, the impact from WAS addition to both downstream dissolved and gas phase 
sulfide concentrations were predicted to decrease at higher slopes (Figure 48). The 
benefit of increased slope is greatest in pipes with high influent sulfide concentrations, 
low flows and larger pipe diameters.  
 
Figure 48 Change in gas phase hydrogen sulfide concentrations when slope is varied but all other factors 
are held constant. Pipe received flow at 20 L s-1 diameter of 450 mm, with 20 mg S L-1 influent sulfide and 
WAS concentration 150 mg VSS L-1.  
 
For a fixed design configuration, higher flow volumes resulted in larger increases to 
gas phase sulfide concentrations with the introduction of WAS into the gravity main. 
The effect is particularly strong in smaller pipes, since the wastewater volume changes 
the available headspace volume. The analysis indicated that for pipes with a diameter 
between 225 to 450 mm, there was a substantial advantage, with regards to gas phase 
sulfide, in selecting a slightly larger pipe size, so long as the design configuration still 
meets flow velocity and water depth requirements (Figure 49).  Mass flow of sulfide is 
also larger at higher flows. If the WAS maintains a consistent oxygen uptake rate per 
litre of wastewater, a larger effect on total sulfide oxidation rate occurs at higher flows. 
The effect of flow rate on sulfide oxidation is greatest in low slope, smaller diameter 
pipes with higher sulfide concentrations.  
 
 191 
 
 
Figure 49 Change in gas phase sulfide concentrations when flow is varied but all other factors are held 
constant. The pipe had a diameter of 450 mm, a slope of 0.01 m m-1 with 20 mg S L-1 influent sulfide and 
WAS concentration 150 mg VSS L-1.  
Overall in wastewater containing more than 2 mg S L-1, WAS discharges from 
decentralized systems will have the largest impact in receiving gravity pipes that are 
small in diameter, shallow in slope and receiving higher flows at their given diameter. 
However, the systematic analysis indicates that downstream effects can be mostly 
mitigated by not placing sewer mining systems directly downstream of a sulfide 
generation source, such as pressure mains.  
 
6.4.5 Network Scale Impacts of Decentralized Waste Discharges 
 
The primary limitation of the systematic analysis was that it over represented variety 
of sewer influent conditions and sewer deign configurations that could occur in a real 
world sewer network. Extending the analysis to the network scale, accounts for the 
limitations of the previous systematic analysis since the number and variety of different 
design conditions are bounded by the topography, community profile and design 
requirements for a network scale sewer system.  
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Because of the low pre-existing sulfide concentrations present in the sewer network, 
the predicted impacts from decentralized sludge discharges were below the median 
predictions detailed in the systematic analysis. The largest capacity WAS discharge 
point (discharge point #1) with a WAS discharge rate of 2.5 Kg VSS sec-1 was placed 
along a trunk main and received wastewater from various sources, including several 
pressure mains, at an average flow of 20 L s-1 (Figure 37). The discharge rate resulted 
in an immediate downstream WAS concentration of approximately 110 mg VSS L-1.  
However, impact was minimal due to a mix of downstream WAS dilution and low 
dissolved sulfide concentrations (0.6 mg S L-1). By 4000 meters, the sludge 
concentration in the wastewater had decreased by a factor of 3. Peak sulfide and 
hydrogen sulfide concentrations were less than 0.18 mg S L-1 and 13 ppm at 700 
meters downstream of the WAS discharge point. Overall, the downstream impact was 
limited, with an increase to gas phase hydrogen sulfide concentrations exceeding 10 
ppm persisting for only 80 meters.  
 
Discharge point #2 was placed on a smaller sewer main branch with an average flow 
rate of 1.5 L s-1. The system discharged WAS at a rate of 255 mg VSS L-1 resulting in 
a downstream in-sewer concentration of 110 mg VSS L-1 (Figure 37). Due to the 
proximity of several small pressure mains, the average dissolved sulfide concentration 
in the receiving section of the sewer was 3 mg S L-1 and the baseline downstream gas 
phase hydrogen sulfide concentrations peaked at 150 ppm. However, given the 
location and lower initial flows in this section of the network, and the lower sludge 
discharge rate that could be supported by those flows, downstream dilution of the 
discharged sludge was high. By 4000 meters, the sludge concentration in the 
wastewater decreased by a factor of 60. Despite the increased rate of dilution, the 
peak dissolved sulfide concentration was 1.3 mg S L-1, 1700 m downstream of the 
sludge discharge point. This was predicted to correspond to a 70 ppm increase in gas 
phase hydrogen sulfide at approximately 1900 m downstream of the discharge point. 
The increase togas-phase hydrogen sulfide concentrations exceeded 10 ppm for a 
total of 3000 meters of downstream pipe. 
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The difference in impact between the two discharge points were the combined result 
of both the receiving wastewater quality and pipe design. At discharge point #1 there 
was very little pre-existing dissolved sulfide, the receiving pipe flowed at a higher 
capacity (20 L s-1) and was large in diameter (600 mm). The receiving gravity pipe had 
the capacity to accommodate the additional oxygen demand of the WAS resulting in 
minimal impact to sulfide concentrations. At discharge point #2, sulfide concentrations 
were higher in the receiving wastewater and the pipe diameter and pipe capacity was 
smaller. The systematic analysis determined that those specific conditions were more 
vulnerable to WAS addition. The network model provides a secondary confirmation of 
those predictions remain relevant at the network scale.  
 
The network results for sewer mining sludge discharges support the conclusions 
drawn from the systematic design analysis. Most sections of an effectively designed 
sewer network will not be affected by the addition of treatment sludge discharges with 
regards to hydrogen sulfide generation or oxidation. Impacts are limited to sections of 
the network were hydrogen sulfide is likely already a major threat to sewer reliability. 
The network model highlights that discharge locations for decentralized wastes can 
be safely placed in a network with minimal downstream impact when wastewater 
quality and sewer design are considered. Planners should limit WAS discharge 
locations to sections of the network without persistent concentrations of hydrogen 
sulfide and, if possible, place the discharge points at locations with higher capacity, 
large diameter pipes at higher slopes.  
 
6.5 Conclusions 
 
The impact from the disposal of waste sludge from decentralized wastewater recovery 
systems on sulfide transformations in sanitary sewers was investigated through an 
experimental pilot scale and model based study. The following conclusions were 
drawn:  
 WAS discharges had no measurable impact on pressure main sulfide 
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generation.  
 In gravity mains, the addition of WAS up to concentrations of 150 mg VSS L-1 
did not result in sufficient depletion of dissolved oxygen concentrations to result 
conditions that permitted surplus anaerobic sulfate reduction.  
 When influent dissolved sulfide concentrations are above 2 mg S L-1, the 
addition of WAS can decrease dissolved oxygen concentrations sufficiently to 
impact downstream sewer reliability by increasing downstream dissolved and 
gas phase hydrogen sulfide concentrations. The impact will be greatest in low 
capacity, small diameter and low slope gravity sewers 
 The impact from the disposal of aerobic treatment sludge from decentralized 
water re-use systems can be reduced by placing the discharge location in a 
section of the network with little to no pre-existing sulfide, and where the 
receiving gravity pipes are high flow, large diameter and high in slope.   
 
6.6 Notation 
𝑂𝑈𝑅 oxygen utilization rate in mg DO min 
𝑋ைଶ oxygen concentration in mg L-1 
𝑋ௐ஺ௌ WAS concentration in mgVSS L-1 
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7. Chapter 7: Synthesis 
7.1 Summary of research project 
 
This research project used a novel experimental sewer platform leveraged with a 
field-proven sewer transformation computational model to investigate the changes 
to hydrogen sulfide generation, oxidation, transport and transfer in sewers 
accommodating water sustainable practices.  Experience in Australian 
municipalities demonstrated that, for sewers, the direct consequence of water 
sustainable practices was the reduction of sewer flows, more concentrated 
wastewater and the increasing integration of decentralized treatment infrastructure 
(Arbon and Ireland 2003, Arbon et al. 2014, Beal et al. 2011, Beal et al. 2010, 
Mankad and Tapsuwan 2011, McGhie et al. 2009, Sharma et al. 2013, Water 
2013). This thesis was part of a collection of research projects organized by the 
Cooperative Research Centre for Water Sensitive Cities that specifically focused 
on reducing that knowledge gap. 
 
In most sewer systems, hydrogen sulfide formation is primarily limited to pressure 
mains where consistent anaerobic conditions persist. Management of their 
operation will be critical for minimizing future impacts from reduced flows. The 
research project has confirmed that reduced flows will result in increases to 
dissolved sulfide concentrations during discharge events, particularly in smaller 
capacity pumping stations. The higher effluent sulfide concentrations are 
concerning since it will result in a higher nuisance factor as well as potentially 
extending the range that hydrogen sulfide travels downstream. Utilities may have 
to contend with downstream sections of previously sulfide free sewers being 
exposed to sulfide in the future.  
 
This thesis has identified several beneficial outcomes related to pressure main 
performance that result from reduced network flows. If taken advantage of, there 
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is the potential to greatly minimize downstream impacts from hydrogen sulfide. In 
nearly all considered scenarios, reductions in flows reduced both the number of 
daily pumping events and the total mass of sulfide generated per day. For 
operators of pressure mains, the reduction of wastewater volumes and number of 
pumping events can simplify the logistics of sulfide remedial treatment plans. With 
less pumping events, treatment systems can reduce the number of chemical 
dosing events. The reduction in total sulfide mass generated per day should reduce 
total chemical consumption. The first study presented in this research project also 
determined that when the pumping frequency at an intermittently run pumping 
station is manually reduced, because the HRT remains constant, both total sulfide 
generation and effluent sulfide concentrations can be greatly decreased. 
Reductions to influent flows at pumping stations may provide an opportunity to 
safely extend the working volumes of pumping station wet wells, thereby reducing 
pumping frequency without increasing HRT and decreasing downstream sulfide 
impacts as a result. 
 
Compared to fully filled pressure pipes, gravity sewers are a considerably more 
complex environment that supports multiple simultaneous sulfide transformation 
and transport processes. One of the key outcomes from this research project has 
been to demonstrate the robustness of gravity systems during implementation of 
water sustainable practices. This project investigated the effect from changes in 
wastewater quality, hydraulics and the effect from the introduction of decentralized 
treatment wastes on downstream dissolved sulfide and gas phase hydrogen sulfide 
concentrations. The impacts on sewers from a variety of water sustainable 
activities were spatially limited to sections already experiencing severe hydrogen 
sulfide problems and generally only in a small subset of sewer design 
configurations that had limited liquid-gas mass transfer potential. In most cases, 
planners and the operators of sewer systems can focus their attention on a small 
subset of specific sewer system conditions that will be more prone to impacts from 
reduced flows.  
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This research project considered changes to flow and changes to wastewater 
quality as two separate processes to quantify their individual impact. In real 
systems, however, they must be considered together since both change 
simultaneously with reductions to upstream water usage. Overall, the reductions 
to hydraulic flows have a far larger effect on dissolved sulfide concentrations than 
the corresponding increase in wastewater substrate concentrations. If the initial 
wastewater had CODs concentrations above 150 mg L-1, further increases to 
CODs had no substantial effect on sulfide generation in pressure mains. The 
results from the research project conclude that prior to water conservation, organic 
carbon is already near rate limiting concentrations, reducing the effect of further 
increases to COD. In gravity mains, increases to CODs was predicted to decrease 
dissolved oxygen concentrations, and in consequence, increase downstream 
sulfide concentrations. However, in most gravity pipes, changes to hydraulics, 
particularly reductions to the wastewater volumes, continued to remain a much 
larger influence on changes to downstream dissolved sulfide concentrations. 
 
In none of the tested gravity pipe design cases did dissolved sulfide increase with 
distance following a reduction in flow. However, in a small number of cases, the 
rate of sulfide loss in the liquid phase did decrease. In such cases, when 
considering changes in waste water quality at fixed locations, reductions in flows 
lead to higher dissolved sulfide concentrations. In the systematic sewer analysis, 
such instances were limited to small diameter, low slope pipes, typically receiving 
flows that were at the upper limit of the individual pipe’s capacity. The network 
analysis further demonstrated the conditions favouring a decrease in total sulfide 
removal were not very common. Overall, with respect to hydrogen sulfide, 
detrimental conditions do not develop in gravity mains when there is an uptake in 
water conservation and water sustainable practices. The impact to gravity systems 
will instead by primarily dependant on changes in sulfide generation and sulfide 
discharge concentrations from pressure mains. It is therefore recommended that 
planner and utilities continue to focus on actively managing pressure mains in order 
to realize beneficial outcomes for gravity sewer resilience.    
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Finally, this research project investigated the impacts on downstream sulfide 
concentrations associated with the disposal of treatment sludge from decentralized 
water recycling and re-use systems, such as sewer miners. The use of 
decentralized systems has still not experienced widespread adoption and 
experience and familiarity with their operations are still developing. None the less, 
the findings of this research project are relevant for a variety of treatment system 
configurations and operational conditions. If operators abide by the discharge limits 
for total solids in sewers, then the discharge will not deplete downstream oxygen 
concentrations sufficiently to result in sulfide generation in gravity mains. Increases 
to downstream sulfide concentrations due to lower sulfide oxidation were only 
observed in systems that were receiving influent wastewater with high 
concentrations of dissolved sulfide (more than 2-5 mg S L-1). Based on the results 
from both the experimental and computational study, detrimental impacts from 
decentralized waste discharges can be effectively mitigated by discharging into 
sewers that do not have pre-existing sulfide issues. 
 
7.2 Conclusions 
This thesis investigated the impacts associated with the uptake of water sustainable 
practices on hydrogen sulfide concentrations in sanitary sewer networks and its impact 
on sewer network resilience. The results from the research project has led to several 
key conclusions. 
1. Active management of the pumping event frequency at sanitary pumping mains 
is an effective control mechanism for both total hydrogen sulfide generation and 
effluent sulfide concentrations.  
2. The increases in organic carbon associated with 20 to 40% reductions in 
upstream water consumption will only negatively impact, small capacity, low 
slope gravity pipes and only when those pipes are immediately downstream of 
a major hydrogen sulfide generating source.  
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3. Without active management, reductions in upstream water usage will result in 
wastewater discharges from pressure mains that are less frequent but have 
higher concentrations of dissolved sulfide. 
4. Reductions to sewer flows will result in dissolved sulfide concentrations 
decreasing more rapidly in most gravity sewers, particularly in high slope, low 
flow systems.  
5. The disposal of waste sludge from decentralized water recycling and re-use 
systems will only pose a hazard to downstream sewer reliability in sewers 
receiving wastewater with high influent sulfide concentrations (more than 2-5 
mg S L-1).  
 
7.3 Recommendations for future research 
Throughout the duration of this thesis, several knowledge gaps were identified outside 
of the immediate scope of the research objectives. Some of these research gaps of 
worthy of future investigation. 
 
This thesis investigated the impact of reduced pumping frequency in pressure mains 
on the rate of total sulfide generation and found that overall sulfide generation 
decreased as number of pumping events per day decreased. There is also the 
possibility that reductions to pumping frequencies can decrease total methane 
generation by similarly decreasing the availability of organic carbon at the biofilm 
boundary. Methane is a strong greenhouse gas and its emission into the atmosphere 
should be avoided (Change 2007). An experimental study similar to the one presented 
in Chapter 3 that focuses on methane production could provide valuable insight into 
methane generation dynamics inside intermittently pumped pressure mains. 
 
The pumping frequency study determined that manually reducing pumping events was 
an effective method for reducing both total sulfide generation and the sulfide 
concentration during discharge events. Reducing pumping frequency manually 
requires that larger volumes of wastewater are stored in the wet well. Wet wells often 
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have additional storage space for surges in flow and wet weather events, it may be 
possible, with proactive management, to utilize the additional capacity during dry 
weather operations to increase wet well capacity and decrease pumping frequency. 
The benefits are sufficiently large to justify investigating the technical and operational 
requirements needed to safely and reliably reduce pumping frequency at pressure 
main stations. 
 
Decentralized water re-use and recycling systems remain novel having not yet seen 
widespread adoption. Therefore, the nature and volume of sludge waste requiring 
disposal from decentralized systems is a major unknown. While we are confident that 
waste activated sludge provided an adequate representation of the impacts of 
decentralized sludge discharges on downstream sulfide, effort should be made to 
characterize actual discharge wastes. Case studies of operating sewer mining facilities 
that characterize both the discharge mass and characteristics of the discharge wastes 
will be valuable for better evaluating their potential impact on downstream sewers. 
 
A common limitation in all gravity main studies completed in this thesis was that sewer 
headspace ventilation rates were based on a very narrow simplification that equated 
air velocity to half the wastewater velocity. Sewer ventilation remains a 
computationally complex modelling challenge that is still often limited to case by case 
evaluations. However, the impact of ventilation on air phase hydrogen sulfide 
concentrations justifies further investigation to determine changes in ventilation as 
flows are reduced in sewer networks.  
 
The results of this thesis have demonstrated that the reduction to network flows 
stemming from water sustainable practices will change sulfide transformation 
processes in sewers. However, the change in network hydraulics provides several 
opportunities for effective management and remediation for core areas of impact that 
should be further expanded upon through research and practical application.  
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8. Appendix 
Appendix A: Supplementary Information to Chapter 2 
 
 
Figure A.1. Source storage tanks for wastewater, waste activated sludge and tertiary effluent.  
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Figure A.2. Dedicated wastewater inlets for sewer pilot system. Supplies wastewater to the pressure mains 
and gravity mains with two dedicated 100 mm pipes 
 
Figure A.3. Pressure main swappable sections 
Gravity Pressure 
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Figure A.4. Probe transmitters 
 
Figure A.5. Pressure main injection ports 
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Table A.1 Sewer pilot system project timeline 
2014 2015 
JAN FEB MARCH APRIL MAY  JUNE JULY AUG SEPT OCT NOV DEC JAN FEB 
  Project Initiation Project Design 
  Feasibility Study       Preliminary Design   Service Tendering 
    Project Proposal           Detailed Design     
      Team Assembly     Safety Design Review     
2015 2016 
  
  
  
  
MARCH APRIL MAY  JUNE JULY AUG SEPT OCT NOV DEC JAN FEB 
Project Construction Project Commissioning 
                    Safety Review 
    Support Structure       Programming Operational Testing 
      Plumbing Structure                 
            Electrical               
              Safety Review         
 
 
 
Figure A.6. Structural drawing, gravity line support arm, set at 5% incline from horizontal. Locations of 
saddle mount holes indicated.  
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Figure A.7. Structural drawing, gravity support column. Shown in the image is the support column, the 
base support structure, the support arms and the piping saddles.  
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Figure A.8. Structural drawing, connected gravity support columns, side view. A side view of the gravity 
support structures at the inlet end of the sewer pilot system. The arms on the left side of the image are 
higher than those on the right to accommodate a larger range of potential slopes for the gravity main.  
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Figure A.9. Gravity support structure side views. A view of the entire gravity support structure along its lengthwise dimension. The columns at the end are for 
supporting the pipe bend.   
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Figure A.10. Structural drawing, pressure support column. 
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Table A.2. Flow monitoring devices for sewer pilot system 
Supply Line Flow Meter Flow Switch 
Gravity IFM SM2000 (5-600 LPM) IFM SI5000 
Pressure IFM SM2000 (5-600 LPM) IFM SI5000 
Dilution (Tertiary Effluent) IFM SM9000 (5-300 LPM)  
Waste Activated Sludge IFM SM6000 (0-25 LPM)  
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Figure A.11. Headworks steel support structure final design drawing.  EA stands for equal angle beam. 
SHS stands for square hollow section beam. PFC stands for parallel flange channel (U-beam).   M12 refers 
to the required drill size holes for the floor supports which is metric 12 mm.  
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Figure A.12. Drawing Schematic: pH/ dissolved oxygen flow cell housing. Note that while the probe housing 
accepts M20 male connectors, the probes used by the sewer pilot system use a legacy thread type that 
requires an adapter to be used with this housing. 
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Appendix B: Supplementary information to Chapter 3 
 
Figure B.1. Luggage Point pressure main pilot system 
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Formulation of model equations for sulfate diffusion: 
Diffusion equation: 
 
𝛿𝑐
𝛿𝑡
= 𝐷
𝜕ଶ𝑐
𝜕𝑥ଶ
 
 
Discretisation: 
 
ఋ௖
ఋ௧
= lim
∆௧→଴
∆௖
∆௧
 
 
𝜕ଶ𝑐
𝜕𝑥ଶ
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∆௫→଴
∆ ቀ𝛿𝑐𝜕𝑥ቁ
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𝛿𝑐
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ฬ
௫೔శభ/మ
−
𝛿𝑐
𝜕𝑥
ฬ
௫೔షభ/మ
ቇ ∆𝑥ൗ  
 
Figure B.2. Typical influent pH profile at pilot system under a 60 minute pumping frequency. 
Mean pH is 6.9. 
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The diffusion equation after discretisation can be written as: 
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∆௧→଴
∆𝑐
∆𝑡
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∆௫→଴
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Figure B.3. Total sulfide concentration profiles, May 
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Figure B.4. Total sulfide concentration profiles, June 
 220 
 
 
 
 
 
 
 
 
 
 
 
Table B.1. Temperature characteristics of influent during pilot scale trials in °C 
 
 
 
 
 
 
 Daily Average Average Daily 
Minimum 
Average 
Daily 
May 25.5 23.5 26.5 
June 23.3 21.7 24.0 
July 21.9 19.9 23.0 
Figure B.5. Predicted instantaneous sulfide generation rate for modelled scenario with initial concentrations of 25 
mg/L sulfate and 400 mg/L CODs 
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Appendix C: Supplementary information to Chapter 4 
 
Figure C.1 Baseline Pressure Main Total Sulfide Profile, trial 1. System operated on a 60 minute pumping 
period with pumping events 2 minutes in duration. 
Table C.1 Mean square error between experimental dissolved sulfide recirculation curves and 
computational model predictions using (mg S L-1) 
 
Control 
Line 
Experimental 
Line 
Baseline1 0.83 0.86 
15% Dilution 0.51 0.28 
15% Dilution 0.75 0.70 
30% Dilution 0.55 0.50 
50% Dilution 0.63 0.43 
50% Dilution 0.75 0.55 
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Figure C.2 Gravity Main Recirculation Baseline Profiles 
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Appendix D: Supplementary information to Chapter 5 
Table D.1. Pressure main configuration parameters for sewer simulation study 
# ADWF 
(LPS) 
Diameter 
(mm) 
Pump Flow Rate 
(LPS) 
1 5 225 40 
2 10 300 80 
3 20 375 160 
4 50 600 400 
5 100 825 800 
 
 
Table D.2. VFA, COD total and COD soluble concentrations used for network sulfide model at different 
percent flow reductions due to water conservation. 
Scenario CODT (mg L-1) CODS (mg L-1) VFA (mg L-1) 
Baseline 450 150 45 
0.85 of Baseline 530 175 50 
0.70 of Baseline 650 225 65 
0.60 of Baseline 750 250 75 
 
Table D.3. Primary wastewater quality values for model. 
Parameter  
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pH 7.3 
Sulfate (mg L-1) 20  
Temperature 25˚C 
 
 
Figure D.1. Average household historical (left) and 40% reduced (right) sewage flow profiles by source 
contribution. Both the average daily flow and peaking factor decrease. Adapted from Arbon et al. 2014 
Table D.4. Gravity main test cases for model output sensitivity analysis. Test cases 1 and 3 represent the 
10th percentile edge cases and test 2 represents the median test case when compared against the 
aggregate predicted response rates for all previously tested design conditions.   
Run  
# 
Base ADWF (L s-
1) 
Slope  
(m m-1) 
Diameter  
(m) 
Influent Sulfide  
(mg L-1) 
1 10 0.0025 1000 5 
2 100 0.005 750 10 
3 200 0.005 2000 20 
 
 225 
 
 
 
 
Figure D.2. Sensitivity of pressure model to changes in primary rate determining factors for determining 
the reduction in the sulphide daily mass discharge from baseline 
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The aerial biofilm sulfide generation constant, the pipe length and the idle mixing time 
were set to 4.0 g S m-2 day-1, 1000 m and 8 minutes respectively in the primary model 
analysis. Longer piping, piping systems operating at higher temperatures or systems 
with more efficient sulfate reducing biofilms will experience larger differences under 
reduced flow scenarios. The model assumed that after 8 minutes of still conditions 
following the cessation of pumping, advective mixing would no longer be the dominant 
substrate transport mechanism and that conditions would be sufficiently still in the pipe 
that substrate availability would be primarily provided by diffusion. The model also 
considered that in-pipe mixing during non-pumping periods would be consistent 
between pipes of different diameters. If the period until still conditions are established 
is longer than the assumed parameters in the model, then the difference in sulfide 
generation from the baseline will decrease 
 
Figure D.3. Gravity parameter sensitivity at ADWF of 200 L s-1, diameter of 2000 mm, slope of 0.005 m m-1, 
influent H2S of 20 mg L-1 and 20% flow reduction. Data points represent the predicted change in the effluent 
sulphide concentration when compared against the baseline test case. 
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Appendix E: Supplementary information to Chapter 6 
 
 
 
Figure E.1 Baseline Pressure Main Total Sulfide Profile, trial 2. System operated on a 60 minute pumping 
period with pumping events 2 minutes in duration. 
 
Table E.1 Mean square error for sludge, oxygen uptake parameters at dosage concentration test points (g 
DO L-1 day-1 mgVSS-1)2 
Test Case MSE 
110 mg VSS L-1 0.70 
220 mg VSS L-1 0.90 
330 mg VSS L-1 0.85 
550 mg VSS L-1 0.95 
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